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Abstract 
Correct transgene expression is an essential requirement for the 
successful application of gene transfer technologies in basic research, 
gene therapy, or biotechnology. Very often transgenes are expressed in an 
unpredictable manner, with the level, and temporal and spatial pattern of 
expression influenced by the neighbouring regulatory elements and 
chromatin. For this reason, elements which are able to ensure the correct 
level and pattern of transgene expression have recently received increased 
attention. 
In this thesis the hypothesis that CpG islands are elements of this 
kind was tested for two model CpG islands in various assays. CpG islands 
are unmethylated, GC-rich, 1-2kb long fragments of genomic DNA 
associated with promoter and first exon of all housekeeping and many 
tissue-specific genes. 
The effect of CpG islands on transgene expression was first 
tested in cultured cells. In transient transfection it was demonstrated that 
CpG islands do not influence the expression of a transgene when not 
integrated into the genome. Even when integrated into the genome of 
cultured cells, CpG islands are not able to confer position-independent, 
copy number-dependent transgene expression, as confirmed by the 
analysis of individual cell lines. However, the results from bulk analysis of 
primary clones suggest that CpG islands improve the level of expression in 
cultured cells, and increase the proportion of highly expressing clones. 
Transgenic mice were used to study the effect of CpG islands on 
the level and pattern of transgene expression in vivo. Unexpectedly, from 
the nine transgenic lines generated, transgene expression was detected in 
only one line. In the rest of the lines transgene expression was silenced, 
and in these cases the transgene was densely methylated. In half of the 
silenced lines transgenes were found to localise in the pericentromeric 
chromatin. The results suggest that full size CpG islands used as promoters 
do not necessarily overcome the negative effects of neighbouring chromatin 
to give ubiquitous transgene expression independent of the integration site. 
During the study of stable cell lines it was observed that cells 
within a clone do not have the same level of transgene expression, and this 
heterogeneity in expression was not reduced by the presence of the full 
size CpG island. In order to elucidate this phenomenon, the hypothesis that 
intraclonal heterogeneity is caused by individual cells switching transgene 
expression on and off over a period of time was tested. Clones of cells 
expressing Green Fluorescent Protein (GFP) were monitored at regular time 
intervals, and in some cells rapid extinction of fluorescence was observed. It 
was concluded from this result that transgene expression varies with time. 
It is likely that the solution to correct transgene expression is 
complex, and depends on many factors. 
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CHAPTER ONE: INTRODUCTION 
1. Regulation Of Gene Expression 
Gene activity is regulated at several levels. On a primary level, 
protein factors such as basal transcription factors (Goodrich et al., 1996; 
Novina and Roy, 1996), repressors (Hanna-Rose and Hansen, 1996), and 
activators (Ranish and Hahn, 1996) that bind to distal or proximal regulatory 
DNA elements control the transcription of the gene. Gene activity is also 
influenced by the chromatin structure, where factors such as positioning of 
nucleosomes, degree of chromatin condensation and proximity of the gene 
to the heterochromatin determine the transcriptional status of the gene. 
Epigenetic modifications such as DNA rnethylation, imprinting and position 
effects are also involved in transcriptional control. 
1.1 Chromatin Structure And Gene Expression 
In eukaryotic organisms, DNA in the nucleus is packaged into a 
highly organised structure, called chromatin. Chromatin is not only a static 
structure which provides a means for packaging a large amount of DNA in 
the nucleus, but is also involved in the modulation of gene activity. The 
basic structural unit of chromatin is a nucleosome. In the nucleosome, at 
least 146 bp of DNA is wrapped around an octamer of core histones, two 
each of histones H2A, H2B, H3 and H4. Nucleosomes are separated by 
linker DNA, thus forming a structure often referred to as 'beads-on-a-string'. 
The higher order chromatin structure, the 30 nm fibre, is formed by further 
coiling of nucleosome-packaged DNA, together with histone Hi which 
binds to the linker DNA at the exit and entry point of the nucleosome (Allan 
et al., 1980). Further chromatin condensation is thought to be achieved by 
looping of the 30 nm fibre, in which the bases of the loops are tethered 
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together, forming a chromosomal scaffold (Saitoh and Laemmli, 1994). The 
scaffold is a structure which remains after salt or detergent extraction of 
mitotic chromosomes, and has the shape and size of a chromosome. Two 
major protein components of chromosomal scaffold are Sd, which was 
identified as topoisomerase II (Earnshaw and Heck, 1985); and ScIl, a 
member of the SMC protein family (Peterson, 1994; Saitoh et al., 1994). 
Loops of DNA can be seen attached to the scaffold and spread around it. 
Bases of loops are formed from the several hundred bp stretches of AT-rich 
DNA termed SARs (Scaffold Associated Regions), or sometimes referred to 
as MARs (Matrix Attachment Regions) (Laemmli et at., 1992). The scaffold / 
loop model of chromosomes proposes that the density of loops and order of 
packaging form the characteristic banding pattern of chromosomes, as 
loops in G-bands are relatively tighter compared to R-bands (Saitoh and 
Laemmli, 1994) (Figure 1.1). It has been suggested that important structural 
and functional elements, such as centromeres and replication origins are 
associated with the chromosomal scaffold (Bickmore and Oghene, 1996; 
Razin et al., 1993). The model of chromosomes formed from the radial loops 
and scaffold is supported by the visual evidence using multicolour FISH on 
extracted metaphase chromosomes (Bickmore and Oghene, 1996). 
Properties of some chromosomal domains with a specialised function, such 
as centromeres, are determined both by the DNA structure and composition 
of associated proteins. Centromeric DNA contains tandem arrays of a-
satellite sequence, where each repeating unit of 171 bp is packaged into the 
nucleosome (Zhang et al., 1983). These nucteosomes contain CENP-A, a 
histone 1-13-like protein, which is proposed to facilitate both formation of 
nucleosomes and selective interactions with other centromeric proteins 
(Wolffe and Pruss, 1996). 
Figure 1.1: The scaffold / loop model of chromosomes. Chromatid 
fiber on the left represents a hypothetical, unfolded chromatid fiber, 
which serves to explain the more compact metaphase chromosome 
on the right. AT-queue is approximated by yellow colour, and the R-
and Q- loops by green colour. The figure represents a highly 
oversimplified model of the chromosome. 
This figure was taken from Saitoh and Laemmli, 1993 
1.1.1 Chromatin Condensation And Gene Expression 
Chromatin in interphase nuclei appears to be heterogeneous in 
structure. Regions of the genome that are not transcriptionally active form 
heterochromatin, and these regions are highly compacted throughout the 
cell cycle. Heterochromatin is late replicating, can be visualised by staining, 
and is either constitutive or facultative. Constitutive heterochromatin often 
contains highly repetitive sequences, and facultative heterochromatin 
arises from the silencing of previously active regions, such as the inactive X 
chromosome in mammals. Regions of active or potentially active genes, 
euchromatin, appear more uniform and are decondensed in interphase 
nuclei. DNA in this chromatin replicates early in the S phase. Generally, the 
presence of higher order chromatin structure represses transcription, as 
many transcription factors cannot interact with their binding sites in the 
presence of nucleosomes (Elgin, 1990). Active genes are usually found 
within an "open" chromatin configuration. These regions generally have an 
increased sensitivity to nucleases, and include the promoter and enhancers 
(Becker, 1994; Clark et al., 1993; Lewin, 1994; Svaren and Chalkley, 1990). 
Some genes are thought to be "preset" for transcription and have DNasel 
hypersensitive sites present even in non-expressing tissues. Others require 
nucleosome remodelling prior to transcription (Lu et al., 1994; Tsukiyama 
and Wu, 1997). The body of the gene continues to be assembled into 
nucleosomes during transcription, and throughout the whole process the 
contact between DNA and core histones is not disturbed (Felsenfeld et al., 
1996). 
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1.1.2 The Role Of Core Histories In The Regulation Of Gene 
Expression 
All core histones (H2A, 11213, H3 and H4) have very similar X-ray 
crystal structure, and there is a high degree of conservation between 
species. The C-terminal domain, together with the central helix, are 
responsible for the dimerisation of core histones, and also determine how 
DNA is wrapped around the core histones. The N-terminal tails of core 
histones protrude on the outside of the nucleosomes, providing protein-
protein interactions with non-histone proteins (Arents et al., 1991; Luger et 
al., 1997). N-terminal tails are also targets for specific modifying enzymes. 
Phosphorylation of serine, and acetylation of lysine residues at specific 
sites of the N-terminal domain are associated with changes in 
transcriptional activity. Acetylated histones are found predominantly in 
transcriptionally active chromatin. Originally, it was thought that the 
acetylation of histones facilitates transcription by neutralising the positive 
charges on the N-terminal tails of histones, thus loosening the DNA-histone 
binding and making the DNA more accessible to the transcription 
machinery. Deacetylation was linked to the repression of gene activity (Roth 
and Allis, 1996; Wade and Wolffe, 1997). However, the correlation 
described is not so straight forward as previously thought. Several recent 
reports present findings, which link hyper- and hypo-acetylation to both 
activation and repression of transcription (DeRubertis et al., 1996; Rundlett 
et al., 1996; VanLint et al., 1996). Still, there is no doubt that changes in 
acetylation play a role in transcriptional regulation. 
1.1.3 The Role Of Linker Histones In The Regulation Of Gene 
Expression 
The protein sequences of linker histones are much less 
conserved than core histones. Histone Hi was thought to play a key role in 
stabilising the higher order structure of chromatin (Thomas, 1984). 
However, the role of Hi in chromatin condensation is more subtle than 
previously thought, as it was shown that Hi is neither essential for 
chromosome assembly, nor for cell survival (Shen et al., 195). Hi was 
shown to act as a regulator of transcription, able to both activate or repress 
a specific set of genes. However, most genes remain unaffected by the 
presence or absence of Hi (Shen and Gorovsky, 1996). 
1.2 DNA Methylation And Gene Expression 
DNA methylation is a wide-spread genomic modification, 
common to prokaryotes and eukaryotes. In vertebrates, the pattern of 
methylation is different from that in other organisms (Bird and Taggart, 
1980; Tweedie et al., 1997). Most of the genome is methylated at the 5 
position of cytosine in the CpG dinucleotide (Doerfler et al., 1990; 
Gruenbaum et al., 1981), leaving only about 1-2% of genome unmethylated 
(Cooper et al., 1983). The fact that methylation is essential for mammals 
was demonstrated by an experiment where mouse embryos homozygous 
for DNA methyltransf erase (MTase) disruption were generated (Li et al., 
1992). Though DNA Mlase activity was not completely abolished, embryos 
carrying the homozygous mutation were retarded in growth and died early 
in development. ES cells homozygous for the same mutation survived in 
culture, but died rapidly upon differentiation. Though the phenotype 
described may be caused by the lack of a yet unknown function of DNA 
MTase, it is not unreasonable to assume that failure to develop normally is 
a consequence of the severely reduced level of methylation. These results 
indicate that DNA MTase is essential for normal development. It has also 
been suggested that methylation is essential only in somatic cells, and has 
no role in embryonic cells (Jaenisch, 1997). 
It is proposed that the function of DNA methylation is to neutralise 
DNA which is potentially damaging (Bestor, 1990; Bestor and Tycko, 1996; 
Bird, 1993). In vertebrates, DNA methylation is involved in the long-term 
repression of genes. For example it was shown that in vitro methylation of 
genes introduced into cultured cells inhibited their expression (Busslinger 
et al., 1983; Cedar et al., 1983; Razin and Cedar, 1991). Methylation-
mediated repression may be either a direct consequence of the failure of 
factors necessary for transcription to bind methylated CpG, or may be 
caused indirectly via proteins binding methylated DNA. In support of the first 
hypothesis, several transcriptional activators are unable to bind to their 
recognition sequence if there is a methyl-C present (Tate and Bird, 1993). 
This however, cannot be the full explanation of the phenomenon, as there 
are general transcriptional activators unaffected by DNA methylation (Tate 
and Bird, 1993); it was demonstrated that, in certain circumstances, 
transcription was not completely inhibited even when the promoter regions 
of studied genes were methylated (Boyes and Bird, 1991; Boyes and Bird, 
1992). The second hypothesis postulates the presence of proteins binding 
specifically to the methylated DNA. There are several proteins which fulfil 
this requirement (Tate and Bird, 1993). Two of these proteins, MeCP1 
(Methyl CpG-binding Protein) and MeCP2 have been described in most 
detail. MeCP1 is an abundant nuclear protein with ubiquitous tissue 
expression, with the exception of embryonically derived cells (Meehan et 
al., 1989). This protein requires 15 methyl-CpGs for strong DNA binding. 
Evidence that this protein is involved in methylation-mediated repression 
comes from the fact that addition, of methylated competitor-DNA with a 
strong affinity for MeCP1 restores the transcription from a methylated 
template (Boyes and Bird, 1991). In addition, cells lacking MeCP1 are not 
able to efficiently repress transcription from a methylated template. MeCP2 
is a more abundant protein than MeCP1, and was shown to concentrate in 
vivo in mouse centromeric heterochromatin. This protein is able to bind to a 
single pair of methyl-CpG (Lewis et al., 1992; Meehan et al., 1992). MeCP2 
contains a Methyl-CpG Binding Domain (MBD), which is essential for the 
chromosomal localisation of the protein (Nan et al., 1993; Nan et al., 1996). 
It was demonstrated recently that a component of MeCP1 also possesses a 
domain with high homology to MBD (Cross et al., 1997), and is presumably 
responsible for binding to methylated DNA. MeCP2 is essential for normal 
mammalian development (Tate et al., 1996). Chimaeric embryos with a high 
proportion of cells deficient for MeCP2 are phenotypically similar to mutant 
embryos with disrupted DNA Mlase. MeCP2 was shown to act as a global 
transcriptional repressor (Nan et al., 1997). Strength of repression, 
mediated through MeCP2, is a function of the density of methyl-CpGs and 
the concentration of MeCP2. These data, together with the characteristics of 
the distribution of methylation in the genome, suggest that MeCP2 is likely 
to contribute to global transcriptional noise reduction. Recently, it was 
reported that MeCP2 shares a high homology with the 125 amino-acid 
MAR-binding domain of the chicken ARBP (attachment region binding 
protein) (Weitzel et al., 1997), which opens up the possibility that MeCP2 
might also be involved in higher-order chromatin organisation. 
A model which explains the mechanism of methylation-mediated 
repression of transcription via MeCPs has three important parameters: 
density of methylated CpGs, proximity of methyl-CpGs to the promoter, and 
promoter strength (Bird, 1992; Meehan et al., 1992) (Figure 1.2). When 
there is a low level of Methyl-CpG density, weak promoters are successfully 
repressed, whereas strong promoters are fully active. If the density of 
methyl-CpGs is increased, even strong promoters become repressed 
(Boyes and Bird, 1992; Hsieh, 1994). Methylation in the proximity of the 
promoter is important for successful repression (Busslinger et al., 1983; 
Cedar et at., 1983; Keshet et at., 1985), but it was shown that distant 
methylation also contributes to silencing (Hug et al., 196). Moreover, 
methylation exclusively outside the promoter can cause gene silencing 
(Kass et al., 1993), presumably through the spreading of the inactive 
chromatin. The idea that chromatin is involved in methylation-mediated 
gene repression is supported by various lines of evidence. It was shown 
that chromatin assembled on methylated DNA is resistant to nuclease 
treatment (Keshet et at., 1986). Also, restriction enzymes which contain CpG 
in their recognition sequences and are not affected by CpG methylation are 
not able to cut DNA assembled into chromatin, suggesting that there are 
factors specifically bound to the methyl-C (Antequera et al., 1989). In 
support of this hypothesis, enzymes which do not have CpG in their 
recognition sequence were able to cut DNA assembled into chromatin to 
completion. These factors might stabilise inactive chromatin and may have 
been the previously described MeCPs (Lewis and Bird, 1991; Meehan et 
al., 1993). 
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Figure 1.2: Model of the methylation-mediated repression of 
transcription. Parameters influencing the gene repression are the 
promoter strength, methyl-CpG density, and proximity of methyl-CpGs 
to the promoter. Shaded circles represent molecules of MeCPs. CpGs 
are represented by filled lollipops (methylated) or open lollipops 
(unmethylated). Strength of the promoter is indicated by thick (strong), 
or thin (weak) arrow. 
This figure was adapted from Bird, 1992 
1.3 Position Effects 
Position effects (PEs) are the changes in gene expression 
caused by the integration or relocalization of genes into other regions of the 
genome. In one kind of PE, changes in gene expression are due to the 
effect of regulatory sequences of another gene, whose proximity is caused 
by genomic rearrangement. This kind of rare, spontaneously occurring 
position effect is seen for example in Burkitt's, lymphoma, where the 
regulatory elements of the immunoglobulin genes cause the inappropriate 
expression of the Myc oncogene (Joos et al., 1992). Since the 
establishment of gene transfer technologies, there are many examples of 
stable position effects on transgene in mammals (Wilson et al., 1990). 
Another kind of position effect, position-effect variegation, occurs when 
genes from euchromatic region are juxtaposed with heterochromatin. The 
heterochromatic environment causes a shut-down of the gene in some 
cells, leading to a variable, but heritable expression pattern in daughter 
cells (Henikoff, 1990). A mosaic pattern with large clonal patches suggests 
that onset of silencing is early in development, whereas small patches 
would indicate a later onset of silencing (Tartof et al., 1984). One study 
suggests that although widespread heterochromatic silencing begins early 
in development, establishment of the variegated gene expression is linked 
to terminal cell differentiation, when de-repression occurs in a subset of 
cells (Lu et al., 1996). However, it is still possible that the event which 
determines whether the gene is expressed in a particular cell takes place 
much earlier in development. It is thought that mosaic expression is due to 
the spreading of heterochromatin and subsequent transcriptional 
inactivation, but other molecular mechanisms are likely to contribute to the 
variegated phenotype (Henikoff, 1994; Karpen, 1994). 
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1.3.1 Position Effect Variegation 
Position-effect variegation (PEV) was described in a variety of 
organisms (Dobie et al., 1997; Hendrich and Willard, 1995). In Drosophila 
melanogaster, chromosomal rearrangement which places the white gene in 
close proximity to heterochromatin results in the mosaic appearance of eye 
colour (Henikoff, 1990). The presence of patches with different colour 
implies that the activity of the white gene was determined in early 
development, and is maintained during subsequent cell divisions. Position 
effect in yeast was described through the study of mating type regulation 
(Thompson et al., 1993). Mating type is determined by the set of mating-type 
genes, where only the gene in the correct chromosomal position is 
expressed, whilst the rest are silenced. PEV was also observed on genes 
placed near a yeast telomere or centromere (Allshire et al., 1994; 
Gottschling et al., 1990). There is now evidence that PEV of introduced 
genes occurs in mice. Classical patchy expression was seen in the thymus 
of mice harbouring the human CD2 transgene (Festenstein et al., 1996), 
and in the mammary gland of mice with an ovine 3-lactogIobulin transgene 
(Dobie et al., 1996). Variegated expression was also observed in the blood 
cells of mice harbouring the -galactosidase gene under the control of the 
a-globin promoter with distal regulatory element aHS-40 (Robertson et al., 
1995). 
1.3.2 Mechanisms Of Position Effect Variegation 
There are several models attempting to explain the mechanism of 
PEV. These models are not mutually exclusive, and in certain 
circumstances more than one can explain the observed effect of PEV. 
A "heterochromatin spreading model" with subsequent 
transcriptional gene inactivation gained widespread acceptance 
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(Eissenberg, 1989; Tartof et al., 1984). In this model, gene silencing is due 
to the linear spreading of chromosomal proteins responsible for the 
chromatin condensation from the heterochromatin/ euchromatin junction. 
This leads to the 'heterochromatinization' and repression of euchromatic 
genes. The extent of the spreading is thought to vary on a cell-by-cell basis, 
which gives rise to the mosaic phenotype. The model described also 
explains the polarity of silencing, which is stronger for genes closer to the 
heterochromatic boundary than for genes further away. The model predicts 
existence of elements which promote or suppress heterochromatin-
spreading, leading either to silencing or expression of a gene. 
Changes in chromatin structure implicated in PEV were shown in 
the study of the Drosophila hsp27 gene, where loss of gene expression 
correlate with less accessible chromatin (Walirath and Elgin, 1995). The 
identification of insulator elements which can protect the gene from PEV 
also supports the hypothesis that chromatin accessibility has a role in 
variegated gene expression (Gdula et al., 1996; Roseman et al., 1993). In 
Drosophila, many genes have been identified which act as modifiers 
(suppressors or enhancers) of PEV when mutated (Reuter and Spierer, 
1992). One of the best studied modifiers is the Su(var)205 gene, coding for 
the HP1 heterochromatin associated protein (Eissenberg et al., 1992). HP1 
shares a conserved 'chromodomain' with the Polycomb protein (Paro and 
Hogness, 1991), which is responsible for maintaining the inactive state of 
euchromatic homeotic genes in Drosophila (Paro, 1995). Neither HP1 nor 
Polycomb bind DNA, and it is speculated that both proteins are involved in 
the assembly of multiprotein complexes, with DNA-binding proteins 
maintaining the repressed state of genes. The dose-dependent phenotype 
of the HP1 mutation (Eissenberg et al., 1992), and the fact that the 
chromodomain was shown to be involved in protein dimerisation (Platero et 
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al., 1995) lends support to the chromatin assembly model of PEV. However, 
examples of PEV in Drosophila exist, such as PEV induced by the 
brownDomiflaflt (bwD) allele, where silencing is caused by contact of the 
bwD allele with centromeric heterochromatin, and cannot be explained by 
heterochromatin 'spreading' (Demburg et al., 1996). 
Another type of model proposes that physical modification of 
DNA, such as reduced gene copy number accompanies PEV (Spradling 
and Karpen, 1990). This model provides an easy explanation for the 
heritability of the variegated phenotype. The model suggests two possible 
mechanisms for reducing the DNA copy number: under-replication or 
somatic elimination (Karpen, 1994). The best evidence for DNA elimination 
comes from studies on the Drosophila Dpi 187 minichromosome (Karpen 
and Spradling, 1990; Spradling, 1993), where by analysis of PEV on the 
yellow gene, reduction of gene copy number and shortening of Dp1187 
minichromosome was observed in polytenized cells. However, it is not clear 
whether DNA elimination takes place in diploid somatic cells, and there are 
certainly examples of PEV where DNA under-representation was not 
detected (Hayashi et al., 1990). 
Finally, a structural model proposes that the position of a gene 
within the nucleus, not simply its association with euchromatin or 
heterochromatin, determines its expression (Ephrussi and Sutton, 1944; 
Henikoff, 1994) (Figure 1.3). The best evidence in support of this model 
comes from the studies of PEV induced by Drosophila brownDomiflaflt null 
mutation of the brown gene. The model builds on the proposition that 
chromosomes in the eukaryotic interphase nuclei are not mixed randomly, 
but occupy compartments consisting of euchromatic and heterochromatic 
domains (Cremer et al., 1993; Haaf and Schmid, 1991). Bw 0 is formed by 
the insertion of a large block of heterochromatin into the brown gene 
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Figure 1.3: Structural model of PEV. A: an imaginary chromosome is shown in the interphase 
nucleus; a red line represents the heterochromatic region. B: a chromosome rearrangement would 
bring the heterochromatin gene into the euchromatic region of the nucleus, which would cause its 
silencing. C: Looping of the heterochromatic gene with corresponding domain back into the 
heterochromatic nuclear compartment would result in the silencing of the euchromatic gene. The 
probability that a particular domain would loop into heterochromatin depends on the amount of 
heterochromatin at the site, and the distance between the site and the heterochromatic compartment. 
This figure was adapted from Karpen,1994. 
(Slatis, 1955), which causes the bwD  allele to move into a heterochromatic 
nuclear compartment. When bwD  allele is paired with the wild-type allele 
on the homologous chromosome, the brown gene is dragged to the 
abnormal nuclear compartment and its transcription is repressed (Csink 
and Henikoff, 1996; Dernburg et al., 1996). The underlying mechanism of 
this model is somatic pairing, which provides association of homologous 
chromosomes, as well as association of repetitive sequences forming 
heterochromatin. Somatic pairing was first described for Drosophila 
polytene chromosomes. However, pairing was recently observed in diploid 
cells (Csink and Henikoff, 1996; Dernburg et al., 1996), suggesting that this 
phenomenon may be more common than thought previously. Evidence is 
now available that repetitive sequences on their own cause formation of 
heterochromatin, presumably due to the ability of these repeats to pair to 
one another (Dorer and Henikoff, 1994; Sabi and Henikoff, 1996). 
1.4 Transgene Expression 
Many factors influence the expression of transgenes: presence 
of the appropriate regulatory elements, position of integration, copy number, 
cell-lineage and genetic background. In higher eukaryotes, DNA 
transcribed in one cell-lineage may be "heterochromatinized" in other cell 
types, which means that transgene localised at one position may be 
potentially active in one cell type but not in another. Several reports 
describe the effect of genetic background on transgene expression and 
methylation, where backcrossing of transgene into mice with different 
genetic background changed its expression, and/or methylation level (Allen 
et al., 1990; Engler et al., 1991; McGowan et al., 1989). 
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In transgenic animals or cultured cells, transgenes are usually 
integrated in tandem arrays (Bishop and Smith, 1989; Palmiter and Brinster, 
1986; Pawlik et al., 1995). Transgenic lines harbouring the same foreign 
gene vary widely in transgene expression, with usually little or no 
correlation between the number of integrated transgene copies and the 
level of expression (Bonnerot et al., 1990; Cohen-Tannoudji et al., 1992; 
Davis and MacDonald, 1988). It is generally accepted that transgenes are 
influenced by the neighbouring sequences after integration into the 
genome. Effect of position of integration into the genome on transgene 
expression was demonstrated by cloning out the transgene from a poorly 
expressing mouse line and generating secondary lines with restored 
expression (Al-Shawi et al., 1990). Poor expression in the primary line was 
therefore due to chromosomal position, and was not caused by damage to 
the transgene in the primary line. More commonly, position effect is 
demonstrated by comparing transgene expression in many independent 
lines which presumably have different transgene integration sites. 
Comparison is complicated by varying copy number of transgenes in 
different lines, and by possible rearrangements. 
In stable position effect, integration site influences the expression 
in all cells (Wilson et al., 1990), whereas in variegated position effect cells 
are heterogeneous in expression, and only a proportion of cells is silenced. 
Observed variegated expression in many ways resembles classical PEV 
(Dobie et al., 1997; Martin and Whitelaw, 1996). Variegation of transgene 
expression was also observed in other model organisms, such as Zebrafish 
(Lin et al., 1994), or fungi (Judelson et al., 1993). 
W. 
1.4.1 Variegated Transgene Expression 
In most studies, average transgene expression is determined in 
the whole tissue or a large amount of cells. In that case it is impossible to 
distinguish whether all cells express the transgene to a low level, or 
whether some cells within the population express the transgene to the 
expected level and some cells do not express it at all. Mosaic patterns of 
transgene expression can be observed when expression assays are 
performed on a cell-by-cell basis. Such an assay was performed by 
Robertson and colleagues (Robertson et al., 1995). Individual erythroid 
cells were assayed for expression of 13-galactosidase, driven by the a-
globin promoter linked to the major tissue-specific enhancer aHS-40. The 
proportion of expressing cells was found to vary between the lines, but was 
constant for mice within a line. In individual erythroid cells the transgene 
was either expressed to a normal level, or was completely inactive. 
Silencing was found to increase with the age of transgenic animal and with 
copy number (Robertson et al., 1996). Enhancer elements were shown to 
act to suppress silencing and increase the probability of establishment and 
maintenance of an active transcriptional state without affecting the 
transcriptional rate per cell in cell lines (Magis et al., 1996; Walters et al., 
1995; Walters et al., 1996), and in transgenic mice (Sutherland et al., 1997). 
Lines harbouring the enhancer were not protected from effects of 
neighbouring chromatin, though the variegation was suppressed compared 
to lines harbouring the transgene without enhancer. Mosaic expression of 
the transgene was often detected in the whole transgenic animal or tissue 
section by staining or immunodetection. In situ antibody-staining of thymus 
sections from mice harbouring a human CD2 transgene with an incomplete 
LCR showed clustering of positive and negative cells (Festenstein et al., 
1996). Positive cells expressed the transgene in a copy number-dependent 
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manner. Transgenes in each variegating line were localised near 
centromeres. The unexpected high occurence of centromeric transgene 
localisation (7/17) is surprising, given that centromeric heterochromatin 
represents only a small portion of the genome. Similarly, partial deletion of 
13-globin LCR resulted in variegated transgene expression in lines of mice 
when the transgene was localised near the centromere (Milot et al., 1996). 
Another example of variegated expression comes from studies of two lines 
carrying ovine f3-lactoglobulin (BLG) transgene (Dobie et al., 1996). In both 
cases transgene arrays were localised near the centromere. Individual mice 
within a line expressed variable levels of BLG in milk, with level of 
expression correlating with number of clustered expressing cells detected 
by in situ hybridisation. These observations suggest that individual cells can 
differ in transgene expression, and are able to propagate their 
transcriptional state through subsequent cell division. 
Other examples of mosaic expression were observed for 
transgenes affecting the mouse coat colour, such as the tyrosinase gene 
(Porter and Meyer, 1994). Also, a human keratin 18-lacZ fusion transgene 
showed mosaic expression in embryonic tissues (Thorey et al., 1993). 
Similar to the transgenes containing an a-globin gene (Robertson et al., 
1996), the keratin18-lacZ transgene became silent in adult animals. 
Mosaicism was observed in expression of mouse hsp68-IacZ in 
the neural tube of mice foetuses from one transgenic line, associated with 
intermediate methylation (McGowan et al., 1989). The authors propose that 
what is observed as intermediate methylation is in fact a mix of cells which 
either express the transgene and are non-methylated, or do not express the 
transgene and are methylated. Whether this is true for hsp68-lacZ 
transgene is not clear, but the hypothesis of transgenes being selectively 
methylated according to the expression pattern was not proved in the case 
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of keratin-18 gene (Thorey et al., 1993) nor a-globin gene (Garrick et al., 
1996; Sutherland et al., 1997), as no correlation between degree of 
variegation and methylation was observed. Variegated silencing of the 
HPRT minigene was observed after localisation of transgene into the 
heterochromatic portion of the Y chromosome, as well as when transgene 
was autosomaly localised (Pravtcheva et al., 1994). Isoelectric focusing 
analysis demonstrated that the transgene was expressed in different organs 
at different levels, and that organs have different proportions of expressing 
and non-expressing cells. The authors attributed mosaicism to PEV induced 
by neighbouring Y-heterochromatin, or autosomaly located chromatin with 
silencing properties. However, the possibility that the observed mosaicism 
was a result of the minigene lacking some important regulatory elements 
was not ruled out. 
Variegated transgene expression seems to be more frequent 
than thought previously. One possible explanation is that silencing is 
caused by the proximity of constitutive heterochromatin, which is well 
documented. Although there seems to be an unusually high proportion of 
transgenes localising near constitutive heterochromatin (Festenstein et al., 
1996), the incidence of silencing and the fact that silencing was observed 
even when transgene was not localised near obvious heterochromatin 
(Pravtcheva et al., 1994) may require another explanation. 
1.4.2 Silencing Caused By Tandem Arrays Of Transgene 
An alternative explanation for transgene silencing comes from 
studies on Drosophila, where it was shown that tandem arrays of transgene 
undergo heterochromatinisation and become silenced (Dorer and Henikoff, 
1994). When tandem arrays of mini-white gene were inserted, the degree of 
silencing increased with copy number. Heterochromatic origin of silencing 
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induced by the transgene array was demonstrated by the fact that 
variegation is influenced by PEV modifiers. These observations were 
explained by homologous pairing between identical sequences leading to 
formation of heterochromatin, perhaps accompanied by recruitment of 
heterochromatin-specific proteins. Silencing may be the result of 
subsequent mislocalisation of transgene arrays into the heterochromatic 
compartment within the nucleus. The distance of the transgene array from 
heterochromatin influences its expression: arrays closer to heterochromatin 
are silenced more strongly than those which are further away. It is possible 
that silencing is an intrinsic property of repeated transgene sequences. 
Repeat-induced gene silencing (RIGS) has been described in plants 
(Assaad et al., 1993). In RIGS the mechanism of silencing is thought to 
involve direct contact between repeated sequences, and changes in 
chromatin structure (Flavell, 1994; Matzke and Matzke, 1995; Ye and 
Singer, 1996). 
In transgenic mice high transgene copy number was shown to 
influence transcription. When expression was determined in a population of 
cells, high copy number was found to coincide with the decrease of 
expression per copy (Davis and MacDonald, 1988; Gourdon et al., 1994). 
Results obtained by Davis and colleagues also indicated that lower 
expression associated with high copy number was not due to limitations of 
essential transcription factors. Transgenes with higher copy number also 
become silenced more rapidly with increasing age of an animal (Robertson 
et al., 1996). Silencing of a transgene is often associated with methylation. 
For example in mice harbouring HMGCoAR-CAT transgene, there was a 
decrease in expression level with higher number of transgene copies, 
accompanied by methylation (Mehtali et al., 1990). 
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In vertebrates, cytological evidence that foreign DNA can form 
structures similar to constitutive heterochromatin comes from studies of the 
human (3-globin-pBR322 transgene (Manuelidis, 1991), where about 1000 
copies of transgene (11 megabase) were integrated near the telomere of 
mouse chromosome 3. No expression of transgene was detected. Studies 
of nuclei of interphase neurones revealed that transgene was highly 
compacted, and often colocalized with centromeric DNA. 
Although the direct evidence that transgene variegation and 
silencing are established by the same mechanism as described for 
Drosophila is missing, the argument has been put forward that repeated 
transgene arrays undergo heterochromatinization in a very similar manner 
(Dorer, 1997). 
1.5 Elements Improving Transgene Expression 
As described above, transgene expression is usually difficult to 
predict. There are several important parameters within the transgene which 
modulate its expression, and a lot of effort has been spent on transgene 
expression improvement. The best characterised elements which are 
involved in regulation of gene expression are promoters. Promoters are 
regions immediately upstream of transcription initiation sites and contain 
binding sites for transcription factors and transcription machinery (Dynan, 
1986; Novina and Roy, 1996). They are involved in many levels of gene 
expression regulation, such as tissue-specificity, developmental regulation 
and transcription level (Pondel et al., 1996), but promoters alone are 
usually not able to drive efficient transgene expression. In addition to 
promoters, there are elements regulating eukaryotic gene expression from 
several hundred bp upstream of the initiation site, called enhancers 
23 
(Atchison, 1988; Serfling et al., 1985). In transient transfection assay, 
enhancers were found to stimulate gene expression, some of the most 
powerful being of viral origin (Schmidt et al., 1990). It was demonstrated 
that enhancers act by increasing the probability of forming a stable 
transcription complex without affecting the level of gene expression 
(Walters et al., 1995). Enhancers suppress position-effect variegation 
(Walters et al., 1996), but they are clearly not sufficient to ensure adequate 
expression in all test systems. 
One approach to improve transgene expression is to use large 
genomic fragments (Rindt et al., 1993) or artificial chromosomes (Schedl et 
al., 1993) to drive the expression of genes, as there is a good chance that 
all regulatory elements necessary for transcription would be present. The 
observation that large genomic fragments improve transgene expression 
indicates that expression units of vertebrate genes can be very large, and 
may contain specific sequences ensuring proper gene expression over 
long distances (Dillon and Grosveld, 1994). However, very long genomic 
fragments present a practical difficulty for use in transgenesis, as their 
stability and ease of manipulation is often compromised. 
It was noted that introns within the transgene increase the 
transcription efficiency (Brinster et al., 1988; Buchman and Berg, 1988; 
Palmiter et al., 1991). Effects of introns seemed to be restricted to the 
transgenic mice, as there was no detectable difference in expression 
between transgenes with and without introns in cultured cells (Brinster et 
al., 1988). The mechanism by which introns act to enhance the 
transcriptional level is not clear, but it is speculated that factors like mRNA 
stability, assembly of spliceosome complexes and nucleosome positioning 
are involved (Palmiter et al., 1991). It is also possible that regulatory 
elements present in some introns are responsible for improved gene 
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expression (Magin et al., 1992). Presence of introns is not necessary for 
increased expression of all transgenes (Buchman and Berg, 1988), nor do 
all introns increase transgene expression (Palmiter et al., 1991). 
Transgenes containing hybrid cDNA or prokaryotic sequences 
are often poorly expressed or silent in many transgenic mice. A transgene 
rescue strategy was developed, where transgene expression is significantly 
enhanced by co-injection of efficiently expressed genomic sequence with a 
poorly expressed cDNA transgene. This approach was first successfully 
used for increasing expression of a B-lactoglobulin-cDNA transgene 
cointegrated with the B-lactoglobulin gene (Clark et al., 1992), and later for 
Whey acid protein (WAP)-cDNA transgene cointegrated with the WAP gene 
(McKnight et al., 1995). The rescue effect was shown to be associated with 
transcription of the rescuing gene (Yull et al., 1997). However, expression of 
cDNA transgenes was variable, having no correlation with number of 
integrated copies, and was generally lower than the expression of the 
rescuing gene. 
Other elements have been described which are thought to 
ensure proper transgene expression, that is, levels of expression 
proportional to copy number and independent of the position of transgene 
integration into the genome. Some elements such as insulators do not have 
any effect of the expression level (Gerasimova and Corces, 1996), whilst 
others like Matrix/Scaffold Attachment Regions (MARs/SAR5) (Laemmli et 
al., 1992) and Locus Control Regions (LCR5) (Dillon and Grosveld, 1993) 
stimulate transgene expression and possibly insulate the transgene from 
the effects of neighbouring chromatin to some extent. 
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1.5.1 Insulator Elements 
Insulators are regulatory elements which are able to shield 
promoters from the effects of nearby enhancers and other regulatory 
elements. First identified in Drosophila due to their ability to establish 
independent functional domains were scs and scs' (specialised chromatin 
structures) elements flanking the hsp7O locus (Udvardy et al., 1985), and 
the Suppressor of Hairy wing (su[Hw])-binding region found in the gypsy 
retrotransposon (Roseman et al., 1993). Another well characterised 
insulator lies in the 5' DNase I hypersensitive site (HS) of the chicken 13-
globin locus (Chung et al., 1993), which is also thought to play a role in 
establishment of 13-globin domain boundaries (Felsenfeld et al., 1996). 
Insulators protect the gene from effects of neighbouring 
chromatin at most sites of insertion, thus reducing PEV of reporter genes 
(Kellum and Schedl, 1991). They also protect promoters from the effect of 
neighbouring enhancer when placed in between the two (Kellum and 
Schedl, 1992; Vazquez and Schedl, 1994). Enhancer blocking effect is not 
achieved through enhancer inactivation; rather, insulators are thought to 
interfere with promoter-enhancer interactions (Cai and Levine, 1995). 
Insulators have no stimulatory or suppressing activity on their own. 
Insulators are usually characterised by a series of DNase I 
hypersensitive sites which are essential for their blocking activity. 
Significant progress has been made in the understanding of insulator 
structure. A sequence has been identified within the scs' insulator which is 
largely responsible for insulator activity (Zhao et al., 1995). This sequence 
binds boundary associated factor proteins, BEAF-32A (Zhao et al., 1995), 
and BEAF-32B (Hart et al., 1997). BEAFs block the activity of enhancer in 
stably, but not transiently transfected cells, and localise to many interbands 
and puff-boundaries on polytene chromosomes (Hart et al., 1997; Zhao et 
al., 1995). These findings suggest that BEAFs have a role in defining many 
boundary elements in the Drosophila genome. The su(Hw)-binding region 
insulator contains multiple binding sites for the su(Hw) protein, which is 
essential for the isolator's function (Geyer, 1997). The core element 
responsible for most of the insulator activity was also identified in the 
chicken 13-globin insulator (Chung et al., 1997). Interestingly, this 250 bp 
core fragment is GC-rich and has the features of a CpG island, with very 
little promoter activity detected. 
Two models are currently used to explain insulator function 
(Geyer, 1997). The boundary model proposes that insulators form 
chromatin boundaries by assembling specialised nucleoprotein complexes 
which mark the units of specialised chromatin structure. This higher order 
chromatin structure prevents interaction between regulatory elements 
localised in different domains. The transcription decoy model proposes that 
insulators assemble protein complexes similar to those found near 
promoters and thus trigger the non-productive interaction with enhancers. 
Models presented agree with the different set of observations, but it is 
possible that insulators employ a different mechanism for their action. 
It was demonstrated that chicken globin insulator is functional in 
Drosophila and human erythroid cultured cells (Chung et al., 1993), thus 
suggesting a high degree of evolutionary conservation. Although the 
presence of insulators/core elements within the transgene constructs is 
likely to improve their expression, the function of insulator elements in 
transgenic mice and other model organisms has yet to be assesed. 
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1.5.2 Matrix/Scaffold Attachment Regions (MARs/SARs) 
Matrix/Scaffold attachment regions are DNA fragments which 
have been proposed to form the bases of DNA loops attached to the matrix. 
They are also associated with boundaries of transcriptional domains 
(Laemmli et al., 1992). MARs/SARs were originally identified as DNA 
fragments that bind in vitro to matrix preparations (Phi-Van and Stratling, 
1988). However, it is not clear whether these DNA fragments bind to the 
matrix in vivo. The attachment sites have been shown to act as functional 
boundaries in the case of the best characterised MARs associated with the 
chicken lysozyme gene (Stief et al., 1989), but similar evidence is missing 
for most of other reported MARs/SARs. MARs have been shown to 
collaborate with residing enhancers and other regulatory elements in the 
propagation of long-range open chromatin (Jenuwein et al., 1997), which 
can lead to the suppression of position effects and enhancement of gene 
expression (Klehr et al., 1991; McKnight et al., 1992; Thompson et al., 
1994). Although MARs/SARs enhance gene expression upon integration 
into the genome, they are not sufficient to confer position-independent, copy 
number-dependent transgene expression (Bonifer et al., 1994; Poljak et al., 
1994; Sepulveda et al., 1995), possibly with the exception of single-copy 
transgenes (Kalos and Fournier, 1995). 
1.5.3 Locus Control Regions (LCR5) 
Locus Control Regions (LCRs) are elements located usually far 
upstream of the regulated gene(s), which confer copy number-dependent, 
position-independent gene expression upon integration into the genome. 
LCR and LCR-like elements are associated with an increasing number of 
genes, suggesting that their occurrence in the genome may be more 
common than thought previously. 
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The best characterised is human 13-globin LCR. Expression of 13-
globin transgene alone was shown to be low, variable and dependent on 
the position of integration into the genome (Townes et al., 1985), whereas 
the presence of LCR within the transgene led to high, copy number-
dependent, position-independent 13-globin expression (Grosveld et al., 
1987). Other examples are LCRs associated with human CD2 gene 
(Greaves et al., 1989), mouse tyrosinase gene (Montoliu et al., 1996), 
mouse metallothionein locus (Palmiter et al., 1993), human growth 
hormone gene (Jones et al., 1995), chicken lysozyme gene (Bonifer et al., 
1994) and rat LAP gene(Talbot et al., 1994). LCRs are characterised by 
distinct chromatin structure, consisting of a cluster of tissue-specific and 
constitutive DNase I hypersensitive (HS) sites. 13-globin LCR consists of 5 
HS sites, which are thought to posses distinct functions. For example, HS2 
has the activity of a classical enhancer, detectable by transient transfection 
assay (Evans et al., 1990), and HS3 posseses a dominant chromatin-
remodelling and opening activity (Ellis et al., 1996). HS2 is not able to direct 
expression of single-copy transgenes (Ellis et al., 1996), but can establish 
expression of transgene arrays (Ellis et al., 1993). Although previously 
thought not to be essential for proper LCR function (Fiering et al., 1995), 
HS2 was shown to be crucial when LCR was localised at a different 
genomic position (Milot et al., 1996). HS3 directs reproducible expression 
of single-copy transgenes, but at a reduced level (Ellis et al., 1996). A study 
by Ellis and colleagues also suggests that LCR activity is a combination of 
at least those two separate activities. HS sites within LCR form a 
holocomplex which interacts with the individual globin genes to ensure their 
appropriate expression. The LCR must be complete to be able to overcome 
negative effects of neighbouring heterochromatin (Festenstein et al., 1996; 
Milot et al., 1996). 
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Traditionally, cis-acting elements of LCR were thought to 
increase the rate of transcription of linked genes. However, it was 
demonstrated that the LCR acts as a dominant positive activator which 
forms a stable complex with linked genes (Dillon and Grosveld, 1993), 
rather than control the transcription rate (Milot et al., 1996). In situ 
hybridisation analysis of individual erythroid cells from mice carrying a 
single complete 13-globin locus showed that individual globin genes 
compete for interaction with the LCR, which activates only a single gene at 
any given time. This interaction is dynamic, with transcriptional interactions 
often breaking and reforming (Wijgerde et al., 1995). According to the polar 
competition model, genes proximal to the LCR compete for contact with the 
LCR more effectively than genes located further downstream. 
Developmental switching of globin gene expression may therefore be a 
consequence of their relative distances fromthe LCR, as genes in the 
globin locus are organised in the order in which they are expresed, together 
with the effect of silencing elements flanking individual genes (Grosveld et 
al., 1993). It is possible that loop formation provides direct contact between 
individual genes and the LCR, and that level of expression of individual 
globin genes is determined by the duration of gene-LCR interaction 
(Wijgerde et al., 1995). 
LCR was shown not to act as a classical insulator element. Mice 
carrying l3-globin-LCR transgene showed low gene expression in tissues 
where transgene should not have been expressed, which demonstrated 
that LCR was not able to protect the transgene from positive position effects 
(Dillon and Grosveld, 1993). It is, however, possible that human r3-globin 
LCR is bordered by an insulator element at the 5' site, as an insulator has 
been identified in the similar chicken 13-globin domain (Chung et al., 1993). 
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In an experiment employing the retroviral vector carrying human 
13-globin gene together with most of the LCR (missing HS1) (Sadelain et al., 
1995), all clones carrying a single-copy vector with an LCR expressed 13-
globin with levels of expression constant within a clone. In contrast, only 
one out of four clones carrying vector without LCR expressed 13-globin in 
detectable levels. However, expression varied greatly (4% to 146%) 
between the clones carrying vector with the LCR. This shows that 
expression was independent of the position of integration into the genome, 
but did not depend on copy-number. The authors point out that under the 
conditions described, the LCR acted in an enhancer-like manner. 
Enhancers too were shown to suppress silencing without increasing the 
level of gene expression, and their effect is also manifested as an increased 
proportion of expressing cells (Walters et al., 1996). 
LCR elements represent a powerful tool for driving transgene 
expression in specific cell types. However, it was recently demonstrated that 
LCRs are not able to confer position-independent expression of any given 
gene in transgenic mice. When the 13-globin LCR with heterologous 
promoter was used to drive the LacZ gene, erythroid-specific, embryonic 
expression was observed (Tewari et al., 1996). The transgene was silenced 
later in the development, but it was suggested that presence of 13-globin 
sequences is required for proper LCR function in the later developmental 
stages. However, when LCR with 13-globin promoter was used to drive 
expression of the LacZ gene in transgenic mice, strong position-effect was 
observed with expression varying up to 700-fold per copy (Guy et al., 1996). 
The authors suggest that the LacZ gene interferes with the chromatin-
opening activity of LCR, as even the presence of a complete 13-globin gene 
which is expressed reliably without LacZ does not restore position-
independent expression. 
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1.6 Heterogeneous Gene Expression In The Population 
Of Genetically Identical Cells 
Over past few years there have been several reports related to 
heterogeneous gene expression within populations of genetically identical 
cells, although it is likely that the phenomenon is not reported as often as it 
is encountered. Using the FACS method for sorting the LacZ positive cells, 
clones carrying the LacZ reporter gene placed under the control of the 
endogenous regulatory elements in murine pre-B cells were obtained (Kerr 
et al., 1989). Clones were shown to differ from each other in the level of 
LacZ activity, and also individual cells within the clone had different patterns 
of LacZ expression. The expression pattern was characteristic for a given 
clone, and was re-established after recloning from a LacZ positive cell. A 
similar phenomenon of heterogeneity within a population of genetically 
identical cells was observed during the study of glucocorticoid-inducible 
gene expression (Ko et al., 1990). Analysis of stable clones of Ltk cells 
carrying the LacZ gene linked to the inducible enhancer/promoter of mouse 
mammary tumour virus (MTV) revealed that individual cells showed 
heterogeneous (3-galactosidase activity. The response to the induction of 
gene expression was heterogeneous within the clone, and with the 
increased dose of the inducer the number of expressing cells increased, 
rather than expression levels in individual cells. The authors point out that 
intraclonal heterogeneity is not due to transgene instability, nor is it a fixed 
property of individual cells. Another study of stably transfected T cells 
carrying the LacZ gene provided similar results, that is, some cells 
expressed the transgene and some did not (Kartunnen and Shastri, 1991). 
After FACS sorting of cells into positive and negative populations the 
original proportions were re-established, which demonstrated that 
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transgene expression was not a fixed or inherited property of individual 
cells. 
Most reports refer to heterogeneous transgene expression within 
stably transfected clones of cultured cells. However, heterogeneity of 
expression was also observed for endogenous genes in mouse liver. It was 
demonstrated by immunofluorescence that individual plasma proteins, such 
as albumin, transferrin, fibrinogen, and mac roglobulin, are produced by 
separate subpopulations of hepatocytes (Michaelson, 1993). An analogy 
with heterogeneous transgene expression within a clone of cultured cells 
can be found in transgenic mouse lines, where individual mice within a line 
show variability in transgene expression. Such an example was reported 
for a line carrying the rat B-actin-LacZ transgene (Beddington et al., 1989). 
This line normally expressed the LacZ transgene, but some offspring 
(11.2%) from F1 matings failed to show detectable transgene expression 
despite the presence of the transgene. In another line harbouring the 13-
lactoglobulin transgene, individual mice produced various levels of 13-
lactoglobulin protein in milk (Dobie et al., 1996). 
As one possible explanation of the described phenomenon it was 
proposed that gene transcription in eukaryotic cells occurs in short pulses 
separated by a period of relatively long inactivity. According to this report 
gene transcription is an infrequent and random process (Ross et al., 1994). 
The level of gene heterogeneity in a population of identical cells is then 
determined by factors which influence the probability of transcription, and 
stability of gene products. Therefore a relatively unstable gene product 
which is rapidly degraded would be manifested by subpopulations of either 
positive or negative cells. If the gene product is stable the pattern of gene 
expression in the cell population would cover the spectrum from negative to 
positive cells, since the expression level in individual cells would be 
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determined by the balance reached between gene product synthesis and 
degradation. This hypothesis is supported by the real-time analysis of 
transgene expression in single HeLa cells carrying the Luciferase gene 
under the control of viral promoter (White et al., 1995). The expression of 
Luciferase was shown to be heterogeneous in the clonal population, and in 
individual cells varied in time. In two 10 hour intervals some cells lost 
luminescence, whilst some cells become newly luminescent. The transgene 
expression appeared to be a random, transient and dynamic phenomenon. 
In the case of stable embryonal carcinoma clones carrying a 
PgK-LacZ transgene, commonly observed intraclonal heterogeneity was 
proposed to be due to unstable transgene integration, or transgene 
inactivation (McBurney et al., 1994; Schmidt-Kastner et al., 1996). 
Subcloning of a LacZ positive clone gave rise to a population of clones 
which were LacZ positive, LacZ negative, or had mixed LacZ expression. In 
some subclones which lost LacZ expression, it was demonstrated that the 
transgene was lost, whilst in other subclones LacZ transcription was shown 
to be silenced. In the subclones with silenced LacZ gene, some LacZ 
positive cells appeared in the growing colony. Although transgene loss or 
silencing can account for some cases of heterogeneous transgene 
expression, it is unlikely to be a general explanation. 
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1.7 CpG Islands 
In vertebrates, 3% to 5% of total cytosines are methylated, and 
most of the 5-methyl-Cs are present in the CpG dinucleotide (Clark et al., 
1995; Doerfler et al., 1990; Gruenbaum et al., 1981; Tasheva and Roufa, 
1994). Only about 70-80% of all potentially methylatable sites are 
methylated. Studies of methylation revealed that the vertebrate genome can 
be divided into two compartments according to methylation (Cooper et al., 
1983): a CpG island fraction, accounting for 1-2% of total genome and 
containing all non-methylated CpGs; and a second fraction accounting for 
98% of the genome containing all methylated CpGs. The CpG island 
fraction was first detected as a cluster of small Hpall fragments (Hpall Tiny 
Fragments, HTF) visible after end-labelling of a HpaIl genomic DNA digest 
electrophoresis. This fraction was present in all tissues examined. Of the 
CpG island fraction, 80% is derived from sequences present only once or a 
few times in the genome. The rest is mainly rDNA, whose features resemble 
those of CpG islands. Further studies showed that the CpG island fraction 
consists of CpG clusters approximately 1-2kb long, with a high content of 
G+C (60%) compared to average DNA (40%) (Bird et al., 1985) (Figure 1.4). 
CpG islands are not necessarily GC-rich in all vertebrates. In fish, CpG 
islands share all the features common to mammalian CpG islands, but are 
not GC-rich (Cross et al., 1991). 
In CpG islands the frequency of the CpG dinucleotide is equal to 
GpC frequency, whereas in the rest of genomic DNA the CpG dinucleotide 
is depleted about 5-fold. Loss of the CpG dinucleotide is a consequence of 
the high mutation rate of 5-mC site, where 5-mCpG is converted to TpG by 
deamination (Bird, 1980). An equilibrium is eventually established because 
the loss of CpG due to deamination is balanced by the de novo creation of 
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Figure 1.4: Schematic representation an imaginary of CpG island. Vertical bars 
represent CpG dinucleotides, those with a dot above the line being methylated.. The 
CpG island corresponds to the dense cluster of unmethylated CpGs. The density of 
methylated CpG dinucleotides outside the island is decreased to about 1/5 of that in 
island. Exons of the gene associated with the CpG island are represented as open 
boxes. 
CpG by point mutation (Sved and Bird, 1990). 
1.7.1 CpG Islands And Genes 
One of the most interesting features of CpG islands is their 
association with genes. CpG islands have been shown to be localised at 
the 5' end of all housekeeping genes, as well as at the at 5' or 3' end of 
many tissue-restricted genes (Gardiner-Garden and Frommer, 1987; Lavia 
et al., 1987). Irrespective of the size of the associated gene, the size of the 
island is more or less constant. Islands usually cover the promoter and 
extend toward the transcribed region, thus covering the first one or two 
exons (Bird, 1987). Very often, promoters associated with CpG islands lack 
a TATA box and transcription is initiated at multiple sites (Dynan, 1986; Liao 
et al., 1994). It was shown that with the absence of a TATA box, the 
transcription TFIID complex is recruited onto DNA via interactions with 
promoter-bound factors such as Spi (Pugh and Tijan, 1991), whose 
binding sequence is frequently found in CpG islands. From the quantitation 
of the CpG island fraction, it was estimated that there are about 45000 CpG 
islands in the human, and 37000 in the mouse. Combining this information 
with database gene sequences, the total gene number in both organisms 
was determined to be approximately 80000 (Antequera and Bird, 1993). A 
study of human database data also confirmed that all housekeeping, and 
about 40% of tissue-restricted genes are associated with CpG islands 
(Larsen et al., 1992). Because 60% of genes coincide with the location of a 
CpG island, distinct features of islands, such as lack of methylation and high 
GC content, rare-cutting endonucleases could be employed in the 
identification and isolation of genes (Bickmore and Bird, 1993; Brown and 
Bird, 1986; Lindsay and Bird, 1987). A recently developed method 
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employing the methylated-DNA binding domain of MeCP2 protein allows 
the direct isolation of CpG islands from genomic DNA (Cross et al., 1994). 
Genes are known to be localised predominantly in R bands of 
the chromosome. R bands represent the GC-rich, less condensed, DNasel 
sensitive, early replicating fraction of the genome. In contrast, G bands are 
the AT-rich, gene poor, late replicating fraction (Gardiner, 1995). It was 
confirmed by FISH that the distribution of CpG islands (CGIs) mimics the R 
band pattern of the chromosomes (Craig and Bickmore, 1994). In human 
chromosomes, the highest concentration of CpG islands was found in T 
bands, a subset of R bands, which are frequently localised near the 
telomeres. Some chromosomes were shown to be very CGI-rich (chlg and 
ch22), and some exceptionally CGI-poor (018). This distribution correlates 
well with the known distribution of genes whose position on chromosomes 
has been already mapped. 'Painting' of chicken metaphase chromosomes 
with a chicken CGI library provided new insight into the gene distribution 
(McQueen et al., 1996). In chicken chromosome spreads FISH revealed 
that the CpG island signal predominantly colocalised with 
microchromosomes, showing that microchromosomes are surprisingly 
gene-rich, and macrochromosomes gene-poor. A recent study showed that 
the distribution of mouse CpG islands is more uniform than that of human, 
or chicken (Cross et al., 1997), though there is still a correlation with the 
early replicating R bands. No chromosome or large chromosomal fragments 
seem to be exceptionally gene-rich or gene-poor. However, similarity in CGI 
density was observed in several corresponding regions between human 
and mouse, for example between human ch17 and mouse chi 1. 
In the chromatin of CpG islands, histone Hi is depleted and 
there is usually a nucleosome-free region present (Tazi and Bird, 1990). 
This less condensed structure is associated with transcriptionally active 
CpG island genes. The CGIs of tissue-restricted genes adopt an inactive 
chromatin structure in non-expressing tissues (Yagi and Groudine, 1986). 
1.7.2 Methylation Status Of CpG Islands 
CpG islands are methylation free (with the exception of few 
special cases) independently of the transcriptional state of the associated 
gene. The mechanism of the formation and maintenance of their 
methylation-free status is not clear yet. It has been suggested that the GC-
rich DNA of CpG islands is a poor template for DNA methyltransf erase 
(Carotti et al., 1989). However, this hypothesis cannot explain why CpG 
islands in some special cases, for example CGIs on the inactive X 
chromosome, do get methylated. It was also suggested that CpG islands 
are de novo methylated with the rest of the genome, but get selectively 
demethylated afterwards. In support of this hypothesis, partially methylated 
CGI DNA transfected into embryonic cells was shown to lose its methylation 
(Choi and Chae, 1993; Frank et al., 1991). This process is not capable, 
however, of removing the methylation from a fully methylated template. It is 
also possible that factors binding to the promoter region associated with a 
CGI protect the island from methylation (Bird, 1986; Kolsto et al., 1986). 
Footprinting analysis across the mouse aprt gene showed that the GC 
boxes which bind transcription factor Spi localised on the edge of the 
island are required for the methylation-free status of the gene (Macleod et 
al., 1994). Similar results were obtained for the hamster aprt gene 
(Brandeis et al., 1994). How exactly transcription factors such as Spi 
prevent the methylation of CGls remains to be explained. It is possible that 
during early development when global methylation takes place (Kafri et al., 
1992; Monk et al., 1987), all CGI-associated genes (including tissue-
specific) are transcriptionally active, which causes lack of methylation, 
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maintained from then on. It has been suggested that many CGI-containing 
genes which are tissue restricted later in development are actively 
transcribed in ES and germ cells (Gardiner-Garden and Frommer, 1994), 
thus indicating that every CpG island may be associated with transcription 
in ES and germ cells. A recent study of Spi knock-out in mice embryos 
showed that though these embryos die early in development (E9.5), the 
methylation pattern of CGls, as well as the expression of many Spi 
activated genes appears to be normal (Mann et al., 1997). The results 
described do not argue against the involvement of transcription factors in 
establishment of CGIs, but call for the clarification of the role of Spi. 
Although CpG islands are generally unmethylated regardless of 
the transcriptional status of the associated gene, there are a few exceptions 
to the rule. Several tissue-specific genes were shown to become 
methylated in long established cell lines (Antequera et al., 1990). These 
genes are thought to be non-essential for growth of cells in culture, and 
their methylation-associated inactivation may serve as a selective 
advantage, or reflect the fact that somatic cells somehow lose the ability to 
keep CGls non-methylated when grown in culture. 
Most CpG islands on the inactive X chromosome are known to 
be methylated in somatic cells. X inactivation is a process by which 
eutherian females acquire the dosage compensation of X-linked genes. X 
inactivation is regulated by the expression of the Xist gene, localised in the 
Xic region of the X chromosome (Herzing et al., 1997; Lee and Jaenisch, 
1997; Lee et al., 1996). The CpG island of the Xist gene is methylated on 
the active X allele and unmethylated on the inactive X (Norris et al., 1994). 
Other genes localised on the inactive chromosome are not expressed, and 
methylation of their CpG islands is thought to stabilise their inactive state 
(Riggs and Pfeifer, 1992). Methylation of all CpG dinucleotides in the CGI is 
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not necessarily complete, as shown in the examples of human PGK-1 
(Pfeifer et al., 1990), and mouse HPRT (Park and Chapman, 1994) CpG 
islands. In the 450bp region of PGK-1 gene, 60 out of 61 tested CpG sites 
were methylated, whereas in the mouse HPRT on average 22 out of 32 
CpGs were methylated in the tissues examined, and 14 to 18 CpGs were 
methylated in cell lines. It is suggested that a certain minimal level of 
methylation is required for the maintenance of gene inactivation. 
Methylation of CpG islands also has a role in imprinting (Li et al., 
1993). Imprinting is .a process restricted to mammals, by which some genes 
in the organism are expressed according to their parental origin. Several 
autosomal genes have parental allele-specific expression, of which the best 
described examples are the H19, lgf2r and lgf2 genes (Bird, 1993; 
Efstratiadis, 1994; Razin and Cedar, 1994; Reik and Allen, 1994). H19 has 
the most conventional expression pattern, where methylation of CpG island 
marks the paternal imprinted allele (Ferguson-Smith et al., 1993). Two CpG 
islands have been located in the lgf2r gene, one covering the promoter and 
one positioned further downstream within introni. The CpG island covering 
the promoter is methylated on the paternally imprinted allele, whereas the 
downstream CpG island (which does not co-localise with any obvious 
promoter) is methylated on the active maternal allele (Stoger et al., 1993). 
However, imprinting is not always associated with methylation, as 
demonstrated on the example of lgf2 gene, where the CpG island on the 
maternally imprinted allele stays methylation-free (Sasaki et al., 1992). It is 
more likely that methylation plays a role in the maintenance, rather than 
establishment of imprinting. In support of this hypothesis allele-specific 
expression of the U2afl-rsl gene was found to be established prior to 
methylation of the silenced allele (Hatada et al., 1995). Also, CpG islands 
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methylated at imprinted alleles are not methylated in sperm (Ferguson-
Smith et at., 1993). 
1.8 Project Aim 
Regulatory elements which ensure proper transgene expression, 
that is stable, high-level expression with the correct temporal and spatial 
pattern of expression, are essential for successful application of gene 
transfer technologies in gene therapy and biotechnology. Unfortunately, 
transgene expression is very often unpredictable. The combined influence 
of regulatory elements present, and the position of integration into the 
genome determines the level and pattern of transgene expression. A 
considerable effort has been made towards the identification and 
characterisation of regulatory elements which will ensure the correct 
transgene expression. Elements such as insulators, MAR5/SARs and LCRs 
have been shown to modulate transgene expression, but the problem of 
reliable and ubiquitous transgene expression has not been solved. 
In this project the effect of CpG islands on transgene expression 
was investigated. CpG islands were selected as candidate elements 
ensuring proper transgene expression due to their distinct features, and 
their association with promoters and first exons of all housekeeping and 
some tissue-specific genes. Promoters of genes associated with CpG 
islands (such as 13-actin, PGK or HPRT) are commonly used to drive 
expression of transgenes, but often the fragment used spans only a part of 
corresponding CpG island. 
The hypothesis that a complete CpG island is an essential 
requirement for the fully functional promoter in a chromosomal context was 
tested. Two model CpG islands associated with human 13-actin and mouse 
HMGCoAR genes were tested in various assays. For each model gene, a 
series of constructs was designed harbouring different portions of CpG 
island. Transient transfection assay was performed to determine the effect 
of the CpG island on transgene expression and promoter strength when not 
integrated into chromatin. The ability of CpG islands to confer stable, 
position-independent and copy number-dependent transgene expression 
in chromosomal context was tested in stable cell lines. Transgenic mice 
provided the means to investigate the CpG island-driven expression in all 
tissues and developmental stages. The effect of a CpG island on 
heterogeneous transgene expression within a clone of cultured cells was 
also investigated. The hypothesis that cells within the clone switch the 
transgene expression on and off in time was tested by monitoring changes 
in fluorescence of individual cells harbouring the Green Fluorescent Protein 
gene (GFP) under the control of CMVIT7 promoter at regular time intervals. 
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CHAPTER TWO: MATERIALS AND METHODS 
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2. Materials and Methods 
2.1 Preparation of Nucleic Acids 
2.1.1 Isolation Of Plasmid DNA 
All methods of nucleic acid preparation used are based on methods 
previously described (Sambrook et al., 1989). 
Large scale preparation: Plasmid carrying bacteria were cultured in 500 ml 
of LB media with 60 .tg/ml ampicillin (Sigma) at 37 0C in rotary shaker o/n. 
Cells were harvested by centrifugation at 6,000 RPM 15 min at 4 0C. The 
pellet was resuspended in 10 ml of Solution I with 40 mg/ml lysozyme 
(Boehringer Mannheim). 20 ml of Solution II was added to the suspension, 
gently mixed and left at RI for 10 mm. 15 ml of cold Solution Ill were added, 
thoroughly mixed and left on ice for 15-30 mm. Cell debris was removed by 
centrifugation at 8,000 RPM for 15 min at 4 0C. Supernatant was filtered 
through cheesecloth and plasmid DNA precipitated with 0.6 vol of 
isopropanol and left at RT for 20 mm. DNA was spun down at 8,000 RPM 
for 20 minutes at RT, rinsed with 70% EtOH, dried and resuspended in 8 ml 
of TE. DNA was then purified by centrifugation on C5CI gradient. CsCI at 1 
g/ml and EtBr at 0.8 mg/ml were added to the DNA solution. The solution 
was split into two 5.1 ml QuickSeal polyallomer tubes (Beckman) and 
sealed. Gradients were spun in an NVT 90 rotor (Beckman) at 200C  at 
90,000 RPM for 90 mm, 87,000 RPM for 15 mm, 83,000 RPM for 15 mm, 
81,000 RPM for 30 mm, and 80,000 RPM for 30 mm. After centrifugation, 
the band of plasmid DNA was removed with a sterile syringe. EtBr was 
removed by extraction with an equal volume of isoamyl alcohol until the 
DNA solution was clear. DNA was precipitated by addition of 3 vol 70% 
EtOH and kept at -70 0 C for 10 mm. DNA was then pelleted by 
centrifugation at 10,000 RPM for 10 mm, washed with 70% EtOH, dried and 
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resuspended in 2 ml of TE. DNA was reprecipitated with 0.1 vol 3M NaOAc 
pH 5.2 and 2 vol EtOH, pelleted by centrifugation at 10,000 RPM for 10 mm, 
washed with 70% EtOH, dried, and resuspended in an appropriate volume 
of TE. 
Small scale preparation: 3 ml LB media containing 65 pg/ml amp (Sigma) 
were inoculated with individual bacterial colonies and incubated shaking 
o/n at 370G. Cells were harvested by centrifugation in a microfuge at 
10,000 RPM for 1 mm. Cells were resuspended in 100 p1 of Solution I. 200 
p1 of Solution II were added and the suspension was mixed thoroughly and 
left at RT for 5 mm. 150 p1 of cold Solution Ill were then added to the cell 
lysate, mixed and incubated on ice for 15 mm. Cell debris was pelleted by 
centrifugation for 10 min at 14,000 RPM. Supernatant was removed, 
extracted with an equal volume of phenol:chloroform (1:1) and chloroform. 
DNA was precipitated with 0.1 vol of 3M NaOAc and 2 vol of EtOH for 15 
min at -200C. After centrifugation at 14,000 RPM for 15 mm, DNA pellets 
were washed with 70% EtOH, dried and resuspended in 50 p1 of TE. 
LB Medium 
per litre: 
10 g bacto-tryptone (Difco) 
5 g bacto-yeast extract (Difco) 
10 g NaCl 
pH to 4.0 
Solution I 
50mM glucose 
25mM Tris-HCI (pH 8.0) 
10mM EDTA 
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Solution II 
O.2M NaOH 
1% SDS 
Solution Ill 
3M potassium acetate pH 4.8 
2M acetic acid 
TE 
10mM Tris, pH 7.5 
1mM EDTA 
2.1.2 Isolation Of High Molecular Weight DNA From Cultured 
Cells And Tissues 
This method was used to prepare DNA from 25cm2 tissue culture flasks of 
cells, fresh tissues and tail biopsies. Cultured cells were harvested, rinsed 
with PBS and split into 2 vials. Tissue samples were homogenised prior to 
addition of Lysis Buffer. Cells were resuspended in 500 jtl of Lysis Buffer 
with 50 ig/ml proteinase K (Boehringer Mannheim) and incubated 0/n at 
55600C. RNase A was added to 10 pg/ml and the lysate was incubated at 
370C for 1 hr. The lysate was extracted once with an equal volume of 
phenol:chloroform (1:1) and twice with an equal volume of chloroform. High 
molecular weight DNA was then precipitated with an equal volume of 
isopropanol, pelleted by centrifugation at 14,000 RPM for 10 mm, washed 
twice with 70% EtOH, air dried and resuspended in an appropriate volume 
of TE. 
DNA Lysis Buffer 
50mM Tris HCl, pH 8.0 
100mM EDTA 
100mM NaCl 
1% SDS 
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2.1.3 Isolation Of Total RNA From Cultured Cells And Tissues 
This protocol is a modification of the single-step method (Chomczynski and 
Sacchi, 1987). A small piece of tissue (frozen in liquid nitrogen immediately 
after the dissection) was homogenised in 500 p1 of Solution D. 20 p1 of 2M 
DEPC-treated NaOAc and 500 p1 of water-saturated phenol were added 
and mixed. For a 25cm2 tissue culture flask, cells washed with PBS were 
overlaid with 500 p1  of Solution D, 20 p1 of 2M DEPC-treated NaOAc and 
500 p1 of water-saturated phenol. 100 p1 of chloroform were added and the 
mixture was shaken at 0°C for 10 mm. After centrifugation at 14,000 RPM 
for 10 min at 40C, RNA was precipitated from the aqueous layer with an 
equal vol of isopropanol at -20 0C for lhr to o/n. RNA was pelleted by 
centrifugation at 14,000 RPM for 15 min at 4 0C, dried, resuspended in 400 
p1 DEPC-treated water and precipitated with 50 p1 3M NaOAc pH 5.2 
(DEPC-treated) and 1 ml EtOH. RNA preparations were stored as ethanol 
precipitates at -700C. 
Solution D 
4M guanidinium thiocyanate 
25mM sodium citrate, pH 7 
0.5% L-lauryl sarcosine 
0.1 M 13-mercaptoethanol 
2.2 Bacterial Culture 
2.2.1 Bacterial Strains 
For propagation of plasmid DNA, E. co/i strain DH5 alpha (supE44, 
hsdR17, recAl, end Al, ghr A96, this-1 re/Al) and XL1 Blue (supE44 
hsdRl7 recA 1 endA 1 gyrA46 thi re/A 11ac - F'[pro AB laclq IacZAM15 
TnlO(tetr)J) were most frequently used. Cells were cultured in LB medium 
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supplemented with the appropriate antibiotic, maintained on LB agar plates 
(1.5% agar, Difco), and stocks were kept in 50% glycerol in LB media at 
-70°C. 
Ampicillin 	60 ig/ml media 
Tetracycline 50 lag/ml media 
2.2.2 Preparation Of Competent Cells 
For making electroporation competent cells, the chosen bacterial strain was 
revived on an LB plate with appropriate antibiotic selection, and a small 
culture (10 ml) was inoculated from a single colony to grow 0/n. 500 ml of 
LB media with antibiotics were inoculated with 5 ml of o/n culture and 
grown to the 0D600 0.9 (Tang et al., 1994). The culture was chilled on ice 
for 30 min and centrifuged at 4,000 RPM for 20 min at 4 0C. Cells were 
washed twice with 500 ml of ice cold water and spun down in the 
conditions described above. Cells were then washed twice, with 200 ml 
and 30 ml of ice cold 10% glycerol. After the final wash, cells were 
resuspended in an equal volume of 10% glycerol, aliquoted and stored at 
-70°C. 
2.3 Gel Electrophoresis 
2.3.1 Electrophoresis Of DNA 
For analytical and preparative purposes horizontal agarose gels were 
used. 0.8% to 1.5% agarose gels in lx TAE were used to separate DNA 
fragments from 300 bp to 15 kb. 1 iI of EtBr (10 mg/ml) was added to 50 ml 
of melted agarose prior to pouring the gel. Samples were prepared by 
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adding 0.1 vol of Loading Buffer. After electrophoresis, DNA was visualised 
on an UV transilluminator (254nm wavelength). 
1xTAE 
40mM Tris-acetate 
1mM EDTA 
DNA Loading Buffer 
15% Ficoll (type 400, Pharmacia) 
10mM EDTA 
orange G to suitable colour 
2.3.2 Electrophoresis Of RNA 
RNA samples for Northern blots were run on horizontal 1.2% agarose gels 
in lx MOPS buffer with 1.1% formaldehyde. To 10-20 pg of RNA sample in 
6 p1 of DEPC-treated water were added 12.5 p1 of deionised formamide, 2.5 
p1 1 O MOPS buffer, 4 p1 formaldehyde and 1 p1 EtBr. Samples were 
heated to 650C for 10 mm, 0.1 vol Loading Buffer was added and samples 
loaded onto the gel. Gels were electrophoresed in lx MOPS buffer, usually 
at 70-100V for 3-5 hr. 
lOx MOPS Buffer 
1M MOPS, pH 7.0 
3M sodium acetate, pH 7.0 
0.5M EDTA 
RNA Loading Buffer 
15% Ficoll 
0.25% bromophenol blue 
0.25% xylene cyanol FF 
50 
2.4 Labelling Of DNA 
2.4.1 Random Primed Labelling 
DNA probes for blot hybridisation were labelled using random 
hexanucleotides as primers for the Klenow fragment of E. co/i DNA 
polymerase I using [a-32 P]-dCTP and cold dNTPs, as a modification of a 
described method (Feinberg and Vogelsteih, 1984). 50-200 ng of DNA 
probe was resuspended in 12 .tl water, denatured by boiling for 5 min and 
then chilled on ice. 4 p1 of 5x Oligolabelling Buffer was added, together with 
30 pCi [a-32P]-dCTP (3,000 Ci/mmol, Amersham) and 2 units of Kienow 
fragment. The reaction mix was incubated at 37 0C for 30 mm. Labelled 
probe was separated from unincorporated radionucleotides by 
centrifugation through a 1 ml column of Sephadex G-50 (Pharmacia) 
prepared in TE. Probe was denatured by boiling prior to hybridisation. 
5x Oligolabelling Buffer: 
0.25M Tris-HCI 
50mM MgCl2 
0.5mM dithioerythritol (DTE) 
1 mg/ml BSA 
312 A260  units/ml hexanucleotides 
250 pM dATP, dGTP, dTTP each 
pH 7.2 
2.4.2 End Labelling 
For labelling of DNA marker 1kb Ladder (Gibco-BRL), 10 jig of DNA was 
resuspended in 16 p1 of water and 2 p1 of buffer H (Boehringer Mannheim). 
5 pCi (500 Ci/mmol) each of [a- 32P]-dCTP, [a-32 P]-dATP, [a-32P]-dGTP 
were added, together with 1 p1 of 1 m dTTP and 2 units of Kienow 
fragment. The reaction mix was incubated at RT for 1 hr. Unincorporated 
L. 
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radionucleotides were removed on a Sephadex G-50 column as described 
above. 
Buffer H 
0.5M Tris-HCI 
100mM MgCl2 
1M NaCl 
10mM dithioerythritol 
pH 7.5 
2.5 Nucleic Acid Blotting And Hybridisation 
2.5.1 Blotting Of DNA And Hybridisation 
After electrophoresis, agarose gels containing DNA samples to be 
transferred to a membrane were soaked in 0.4M NaOH for 10 to 20 mm. 
DNA was blotted onto Hybond N nylon membrane (Amersham) by 
capillary action (as described in (Sambrook et al., 1989)) using 0.4M NaOH 
as blotting buffer. After transfer, the membranes were marked and briefly 
washed in 5x SSC. Filters were wrapped in clingfilm and stored at 4 0C. All 
hybridisations and washes were carried out in glass roller bottles in a 
hybridisation oven (Techne). Prior to hybridisation, the membrane and a 
roller bottle were rinsed with 5x SSC. The membrane was then 
prehybridised in 0.5M Sodium phosphate (pH 7.2), 7% SDS, 1mM EDTA, 
0.5% powdered skimmed milk (Marvel) and 60 lag/ml of sonicated Salmon 
sperm DNA (Church and Gilbert, 1984) for 15 mm - 3 hr at 68 0C. Labelled 
probe was denatured by boiling for 5 min and added to 25 ml of fresh 
hybridisation buffer. The membrane was allowed to hybridise for 12-15 hr 
at 680C. To remove unhybridised probe, the membrane was washed 3 
times with 100 ml of 0.2x SSC, 0.1% SDS at 68 0C for 20 min each. Damp 
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membrane was sealed in plastic wrap and exposed to X-ray film (Kodak 
XAR-5) for one or more days. Films were developed using a X-OGRAPH 
automatic processing machine. 
2.5.2 Northern Blotting And Hybridisation 
RNA samples were electrophoresed on denaturing formaldehyde gels and 
photographed. Gels were washed in dH20 to remove formaldehyde. RNA 
was transferred onto the Hybond N+  membrane by capillary blotting 0/n as 
described for DNA blotting. 20x SSC was used as a transfer buffer. After 
the transfer, the RNA was fixed on the membrane by baking for 2 hr in an 
80 0C oven and crosslinked by UV irradiation (312nm wavelength) in a 
Stratalinker (Stratagene). RNA membranes were hybridised as described 
for DNA. 
20x SSC 
per litre: 
175.3g NaCl 
88.2g sodium citrate 
pH to 7.0 with NaOH 
1 M sodium phosphate. pH 7.2 
per litre: 
89 g Na2HP042H20 
pH to 7.2 with orthophosphoric acid 
2.5.3 Stripping Probes From Southern And Northern Blots 
To allow hybridisation of the same membrane with a different probe, 
hybridised probe was removed from the membrane by pouring boiling 
0.5% SDS over the membrane and leaving to cool slowly to room 
temperature whilst shaking. This procedure was repeated twice and the 
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membrane was then exposed to X-ray film o/n to verify probe removal. 
Membranes could then be rehybridised as described above. 
2.6 Molecular Cloning 
2.6.1 Dephosphorylation Of DNA Fragments 
DNA fragments to be used in cloning were in some cases 
dephosphorylated to remove the 5' phosphate and prevent self-ligation. 
Usually plasmid DNA was cut by a chosen restriction endonuclease to give 
the desired fragment. After digestion, 10 jal of Bacterial Alkaline 
Phosphatase (BAP) buffer was added to 50 j.tl of digest and 150 units of 
BAP (Gibco BRL) was added. Water was added to a final vol of 100 p1. The 
reaction mix was incubated at 650C  for 1 hr before adding Proteinase K to 
0.1 mg/ml and further incubated at 370C for 30 mm. DNA was extracted 
once with an equal vol of phenol:chloroform (1:1) and then once with 
chloroform. DNA was precipitated with 0.1 vol 3M NaOAc and 2 vol EtOH. 
The DNA pellet was washed in 70% EtOH, redissolved in TE buffer and the 
desired dephosphorylated DNA fragment was isolated as described. 
2.6.2 Isolation Of DNA Fragments 
Generally DNA was digested with restriction endonucleases according to 
manufacturers' instructions in buffers provided. DNA fragments were 
separated on agarose gels and isolated by one of the methods described. 
Isolation of fragments from LMP agarose: Restriction fragments were 
resolved by electrophoresis on 0.8 to 1% agarose (Sigma), depending on 
the size of the isolated fragment. DNA fragment was visualised under UV 
light and the DNA band was cut out from the gel. The agarose slice was 
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then heated for 10 to 15 min at 60 0C until it melted. 0.1 of the melted 
agarose volume of 3M NaOAc (pH 4.5) was added and the mixture was 
extracted with an equal vol of phenol-chloroform (1:1) and an equal vol of 
chloroform. DNA was precipitated with 2 vol EtOH with 5 jig of glycogen as 
carrier (Boehringer Mannheim) for 30 min at -20 0C. 
Isolation of fragments by centrifugation through siliconised glass wool 
(Herry et al., 1990): Restriction fragments were resolved on conventional 
agarose gel, visualised by UV light and cut out from the gel. The gel slice 
was placed in a 0.5 ml Eppendorf tube, the bottom of which had been 
perforated with a needle and plugged with siliconized glass wool. The tube 
with the gel was placed in a 1.5 ml Eppendorf tube which was centrifuged 
at 8000 RPM for 30 mm. DNA, in lx TAE buffer, was recovered from the 
bottom of the 1.5 ml tube and precipitated with 0.1 vol of 3M NaOAc, 5 jig 
glycogen and 2 vol EtOH. 
2.6.3 Ligation 
T4 DNA ligase catalyses the ligation of DNA ends by forming a 
phosphodiester bond between the 3-OH group of one end and the 5'-
phosphate group of another end. Usually 50-100 ng of vector and insert 
DNA mixed in the ratio 1:3 respectively were used. Ligations were 
performed in a final volume of 10 jil in the presence of 50mM Tris-HCI, 
10mM MgCl2, 10mM DTT, 1 m ATP, 50 jig/ml BSA and 100 units of T4 
DNA ligase (NEB). For blunt ended and single-bp overhang ligations, 50 
times more T4 DNA ligase was used. Ligations were incubated o/n at 
160C. Prior to the transformation of competent cells by electroporation, 
ligation mixtures were desalted by dialysis against distilled water. Whole 
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reactions were spotted onto the Millipore filter (type VS, 0.025 gm) and 
allowed to dialyse for 30 mm. 
2.6.4 Transformation Of Competent Cells 
Electroporation: An aliquot of competent cell suspension was thawed 
immediately before the transformation and kept on ice. 40 jil  of cells were 
mixed with 1-4 jil  of plasmid DNA (approximately 10 ng) in a 0.5 ml 
Eppendorf tube, and transferred to a chilled 0.1 cm electroporation cuvette. 
All bubbles were carefully avoided by tapping the side of the cuvette. The 
cuvette was placed in the electroporation chamber of a Bio-Rad 
electroporator and subjected to one pulse of 1.7 kV. Setting: 200 K2, 25 jiF. 
1 ml of SOC media (37 0C) was added immediately, and cells were allowed 
to recover while shaking for 1 hr at 37 0C. Aliquots of cell suspension were 
plated on LB plate, usually supplemented with antibiotic (amp 65 jig/ml) for 
selection, and X-Gal (200 jig/ml), IPTG (40 jil  of 100mM stock solution per 
plate) for blue/white selection. 
Heat shock: Cells and DNA were mixed as described above and left on ice 
for 20 mm. The cells were then shocked at 42 0C for 90 sec and placed on 
ice. 0.8 ml of SOC media was added to the cells which were allowed to 
recover and were plated out as described above. 
SOC Medium 
2% Bacto-tryptone 
0.5% Bacto-yeast extract 
10 m NaCl 
2.5 mM KCI 
10 mM MgCl2 
10 mM MgSO4 
20 mM glucose 
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2.7 DNA Vectors 
The pGT1 .8IRESI3geo vector is a promoterless (3-galactosidase-neo fusion 
(13-geo) expression (Friedrich and Soriano, 1991) cassette, constructed by 
P. Mountford (Mountford et al., 1994). The vector contains the intron and 
splice acceptor (SA) sequences from the mouse En-2 gene, and the 1RES 
sequence from the encephalomyocarditis virus upstream of l3-geo (Figure 
2.1 A). 
I3actinl3geo vector, named in this thesis "Act mm", was constructed by W. 
Scarnes. It contains the same 13-geo fusion gene as the pGT1 .8IRESi3geo 
vector under the control of a promoter fragment from the human cytoplasmic 
13-actin gene (Frederickson et al., 1989) (Figure 2.1B) 
The LacZneopA Sail fragment was obtained by replacing the Bglli-Clal 
fragment from pOTi .8lRESI3geo vector with Bglll-Clai fragment from Act mm 
vector, which introduced a new Sail site at the 5' end of the 3-geo cassette. 
The modified pGT1.8IRESI3geo vector was digested with Sail, and 
LacZneopA fragment was isolated as described in section 2.6.2. 
pBSIRESI3ge0 vector was constructed by B. Hendrich. It is based on the 
pBSII SK vector (Promega), with the BgllI-Sall lRESLacZneopA fragment 
from pGT1 .8lRESl3geo cloned into the BamH I-Sail sites. The MCS was 
modified by addition of linkers, which created unique recognition sites for 
-Pmel-Asci-Smai-Nhel-Bglll-SpeI- 5' of the lRESI3geopA fragment, and 
-AscI-Paci- 3'. 
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pGT1.8IRESJ3geo vector 
1 	1000 	2000 	3000 	4000 	5000 	6000 	7000 	8000 	9000 bp 
I I I I I I I I I I 
	
En-2 intron/SA [IRES 	 re 	fj 
B B 	H HE 	C 	 ISE 
Act min vector 
1 	1000 	2000 	3000 	4000 	5000 	6000 	7000 bp 
I I I I I I I I 
}1Bg 	iJ 	 X EKE 
Figure 2.1: A: Schematic representation of pGT1 .8IRES3geo vector. 
B: Schematic representation of Act min vector. B: BamHI, Bg: BgIII, 
Clat, E: EcoRl, H: Hindill, K: KpnI, N: NcoI, 5: Sall, X: XbaI 
The pGL2-Control vector (Promega) was used for monitoring transfection 
efficiency. It contains the Luciferase gene under the control of the SV40 
promoter. 
The pCMX-GFP vector was constructed by K. Umesono by insertion of 
Green Fluorescent Protein (GFP) cDNA (Ogawa et al., 1995) into Asp718-
BamHl cut pCMX (Umesono et al., 1991) expression vector. GFP is under 
the control of CMV/T7 promoter and is followed by a SV40 small t intron 
with a poly(A) signal, polyoma virus enhancer/origin, and SV40 
enhancer/origin (Figure 2.2). 
GFP cDNA 
SV40 t intron/polyA 
I CMV/T71 	 'V 
Figure 2.2: Schematic structure of pCMX-GFP expression vector 
The pCMV-Neo-Bam vector (Baker et al., 1990) was used in cotransfection 
with pCMX vector containing GFP cDNA for generating stable GFP 
expressing clones. The transcription unit contains a HSV tk 
promoter/enhancer upstream of the neomycin resistance gene, allowing for 
selection of transfected cells in geneticin. 
2.8 Polymerase Chain Reaction (PCR) 
PCR (Saiki et al., 1988) was used to amplify genomic fragments of human 
cytoplasmic 13-actin gene prior to cloning. All PCR reactions were carried 
out in the Hybaid-Touch Down machine with heated lids, where no mineral 
oil to cover the reaction mix is required. 
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For amplification of human 13-actin CGI fragment, nested primer PCR was 
used. 50 pi reaction mix contained 150 ng of human female blood DNA as 
a template, 10% DMSO, 1.5mM MgCl2, 1mM dNTPs, lx Reaction Buffer IV 
(Advanced Biotechnologies), 1pM HbactF and HbactR4 primers each, and 
0.2 units of Red Hot DNA Polymerase (Advanced Biotechnologies). Cycling 
conditions: lx 950C 2 mm, 30x (1mm, 600C  1.5mm, 72 0C 4mm), lx 72 0C 
1 0mm. 1.5 p1 of the PCR product was taken as a template for a subsequent 
PCR, using HbactF and HbactR3 primers under conditions described 
previously. The final PCR product was cloned directly into pTAg vector as 
described below. 
Human 13-actin SA (splice acceptor) fragment was amplified using 
HbactSAF and HbactSAR primers essentially as described for human 13-
actin CGI fragment, except the reaction was carried out without DMSO. 
Primers: HbactF introduced a single base mutation, G->T, which created a 
BgllI recognition site used for subsequent cloning. Similarly, HbactR3 
introduced a single base mutation, G->A, creating an Spel site. HbactSAF 
introduced a single base mutation G->T to create an Spel site. HbactSAR 
incorporates an Nhel site at the 3' end, which allows further cloning. 
HbactF 	5'-TGCCCTCCMGATCTCCTTCTGCAGGAGCG-3' 
HbactR4 5'-CCAGTGTTAGTACCTACACCCACAACACTG-3' 
HbactR3 5'-CACTGTCTCAGACAACTAGTCAGAGAGACA-3' 
HbactSAF 5'-TGTCTCTCTGACTAGTTGTCTGAGACAGTG-3' 
HbactSAR 5'-GTGCTAGCGAGTCCATCACGATGCCAGTGGTA-3' 
1 O Reaction Buffer IV 
200 mM (NH4)2SO4 
750 mM Tris-HCI pH 9.0 
0.1% Tween 
We 
2.8.1 RT-PCR 
To determine the size of the first untranslated exon of the mouse HMG CoA 
Reductase gene, RT-PCR was performed. cDNA from ES cells (gift from Dr. 
Susan Tweedie) was used as a template. RNA was extracted from 
confluent undifferentiated ES cells as described. 100 jig of RNA was mixed 
with 2.5 lag of oligo (dT)12-18 in a total vol of 60jil. The mixture was heated 
to 650C for 10 min and then chilled on ice. 20 p1 of 5x buffer (250mM Tris-
HCI pH 8.3, 375mM KCI, 15mM MgCl2), 10 p1 of 0.1M DTT, 5 jtl of dNTPs 
and 5 p1 superscript II reverse transcriptase (200U/jil, Gibco BRL) were 
added. A parallel reaction without reverse transcriptase was also set up. 
The mixture was incubated at 37 0C for 2 hr and reverse transcriptase was 
inactivated by heating to 70 0C for 15 mm. The first strand cDNA was diluted 
10 fold in dH20 and 10 p1 were used in the PCR reaction. The PCR 
reaction was set up essentially as described before, without DMSO, using a 
set of HE1 .1, HE2R or HE1 .2, HE2R primers (lj.iM each). 
Cycling conditions: 1x940C 5 mm, 30x (940C 1 mm, 550C 1.5 mm, 720C 2 
mm), 1x72 0C 10 mm. 
Primers: 
HE1 .1 	5'-TGGCCTCCATTGAGATCCGG-3' 
HE1 .2 	5'-TCGGCTCGGAGACCAATAGG-3' 
HE2R 	5'-CTCATAATTCCAGCCACAGA-3' 
Primers HE1.1 and HE1.2 were derived from the first exon, HE2R from the 
second exon of the mouse HMG CoA Reductase gene. 
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2.8.2 Direct Cloning Of PCR Products 
The method used takes advantage of the fact that Taq DNA polymerase 
often adds single A overhangs to the 3' ends of amplified products (Clark, 
1988). Vector pTAg (Ingenius) is pre-cut and has complementary T 
overhangs, ready for ligation of PCR products. The pTAg vector carries a 
multiple cloning site (MCS) for excision of a subcloned fragment, LacZ 
gene for blue/white selection, and kanamycin and ampicillin selection 
markers. After the PCR reaction (maximum of 30 cycles), an aliquot of the 
PCR product was run on a agarose gel to determine the purity of the 
desired band. If only the correct size band was amplified, the PCR mix was 
extracted with an equal vol of chloroform to inactivate DNA polymerase. 2 
p1 of the aqueous phase were taken for ligation in a total volume of 10 p1 in 
the presence of 20mM Tris-HCI (pH 7.6), 5mM MgCl2, 5mM DTT, 0.5mM 
ATP, 50 ng pTAg vector and 3 units of 14 DNA ligase. Ligation mix was 
incubated at 160C o/n. 
2.9 DNA Sequencing 
DNA sequencing was done by cycle sequencing using fluorescent dye-
labelled terminators (ABI PRISM Dye Terminator Cycle Sequencing Ready 
Reaction Kit, Perkin Elmer). Terminator premix contains A-dye terminator, 
C-dye terminator, G-dye terminator, T-dye terminator, dATP, dCTP, dTTP, 
dITP (in place of dGTP to minimise band compressions), Tris-HCI pH 9.0, 
MgCl2, thermal stable pyrophosphatase, and Amplilaq DNA Polymerase. 
Reactions were performed on double stranded template DNA. In a total vol 
of 10 p1, 0.3 to 0.5 pg of template DNA was mixed with 3.2 pmol of primer 
and 4 p1 of reaction premix. Samples were placed in a PCR machine and 
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according to the G+C content of the sequenced template, one of the 
following programmes was run: 
Normal: 
960C for 30 sec 
500C for 20 sec 
600C for 4 mm 
25 cycles 
GC rich: 
980C for 30 sec 
550C for 30 sec 
600C for 4 mm 
25 cycles 
Afterwards, samples were precipitated by addition of 1 tl 3M NaOAc and 
25 p.1 95% EtOH. Samples were kept in the dark on ice for 10 mm, 
centrifuged at maximum speed for 15 - 30 mm, washed with 200 p.1 70% 
EtOH and dried. Samples were either stored at - 20 0C or dissolved in 4 p.1 
of Loading Buffer (de-ionised formamide, 25mM EDTA, 50 mg/ml Blue 
Dextran in a ratio of 5:1 formamide to EDTA/Blue dextran). Samples were 
heated at 900C for 2 min and placed on ice until ready to load. Samples 
were run on an automated 373 DNA sequencer (Applied Biosystems), 
operated by Vicky Clark. Sequences were analysed by the GeneJockey II 
(Biosoft) program. 
2.10 Enzymatic Activity Assays 
2.10.1 (3-Galactosidase Assay 
13-Galactosidase activity was assayed in extracts prepared from cells 
carrying the LacZ reporter gene. 
Preparation of cell extract: Cells were grown to confluence in a 3 cm 
diameter dish. Cells were washed twice with PBS, and overlaid with 500 p.1 
of lx Lysis Buffer (13-Galactosidase Enzyme Assay System with Reporter 
Lysis Buffer, Promega). Cells were incubated at RT for 15 mm, rocking the 
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dish half way through the incubation period. Cells were carefully scraped 
down and the suspension was transferred to a microfuge tube and kept on 
ice. Tubes were vortexed for 15 sec and centrifuged at top speed for 2 mm 
at 40C. Supernatant was transferred to a fresh tube and assayed directly or 
stored at -70 0C 
Assay: The assay is performed by adding an equal volume of Assay 2x 
Buffer (Promega) which contains the substrate ONPG (o-nitrophenyl-13-D-
galactopyranoside) to 150 xl of the prepared cell extract. Samples were 
incubated for 30 mm, during which the 13galactosidase hydrolyses the 
substrate to o-nitrophenol, which is yellow. The reaction was then 
terminated by addition of 500 jtl of 1M sodium carbonate and the 
absorbance at 420 nm was read with a spectrophotometer (Hitashi U-
2000). With each set of samples, a standard curve was prepared. 1 j.tg/pJ 13-
galactosidase was diluted 1:10,000 in lx Lysis Buffer. 150 j.tI 13-
galactosidase standards ranging from 1-6 milliunits were prepared and 
assayed as described. 
Assay 2X Buffer: 
120mM Na2HPO4 
80mM NaH2PO4 
2mM MgCl 
100mM 13-mercaptoethanol 
1.33 mg/ml ONPG 
2.10.2 Luciferase Assay 
Luciferase catalyses the oxidation of luciferin with concomitant production 
of a photon. The assay is extremely sensitive and rapid. Luciferase activity 
was assayed in cell extract prepared from cells transfected with luciferase 
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gene by the method described for 13-galactosidase assay. 20 p1 of RT cell 
extract was mixed with 100 p1 of RT Assay Reagent (Luciferase Assay 
System With Reporter Lysis Buffer, Promega). The reaction mixture was 
immediately placed in a Fact 50 luminometer (THORN EMI Electron Tubes) 
and the light produced was measured for a period of 10 sec. 
Luciferase Assay Reagent: 
20mM tricine 
1.07mM (MgCO3)4Mg(OH)2.5H20 
2.67mM Mg504 
0.1mM EDTA 
33.3mM DTT 
270pM coenzyme A 
470tM luciferin 
530pM ATP 
2.11 Cell Culture 
2.11.1 Cell Lines 
ES cell line E14TG2a, described in (Hooper et al., 1987) was a gift from Dr. 
Austin Smith at the AFRC centre for genome research in Edinburgh. ES 
cells were cultured in Glasgow MEM medium, supplemented with 0.23% 
sodium bicarbonate, 1xMEM non-essential amino acids, 1mM glutamine, 
1 mM sodium pyruvate, 50jtM B-mercaptoethanol (all from Gibco BRL), 5% 
foetal bovine serum (Sigma) and 5% newborn bovine serum (ICN 
Biomedicals). Medium was also supplemented with 100 units/ml of soluble 
LIF (leukaemia inhibitory factor) (Nichols et al., 1990; Smith, 1991; Williams 
et al., 1988). Flasks for ES cells were coated with gelatin prior to seeding. 
EB37/5 cell line was derived from embryoid bodies (differentiated 
embryonal carcinoma cells) (Morgan et al., 1983) a gift from Dr. Martin 
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Hooper. Cells were grown in essentially the same medium as ES cells, 
containing 10% foetal bovine serum (Sigma) and no LIF. 
CHO cells (Worton et al., 1977) were maintained in MEM Alpha medium 
(Gibco BRL) supplemented with 10% foetal bovine serum (HyClone 
Laboratories) and 500 units Penicillin, 500 tg Streptomycin/ml. 
All cells were cultured in an incubator in an atmosphere of 5% CO2 at 
370C (Jouan). Cells were maintained in tissue culture flasks (Corning) 
which were loosely capped to allow equilibration with the CO2 atmosphere 
in the incubator. 
2.11.2 Passaging And Freezing Of Cells 
To passage cells, culture medium was removed and cells were washed 
twice with PBS buffer (prepared from Dulbecco Solution A tablets, Oxoid). 
Cells were incubated with trypsin (1 ml/25cm 2 flask, 0.5 g/l media) at 37 0C 
for 3-5 mm. Cells were dislocated by tapping the flask, and 4 ml of media 
were added per 1 ml of trypsin to the cell suspension. Cells were dispersed 
into a single cell suspension by repeated pipetting. Cells were spun at 
1200 RPM for 3 min and resuspended in 10 ml of culture media. 0.1 vol of 
cell suspension was usually seeded in a fresh culture flask. 
To freeze cells, a confluent 25cm 2 flask was trypsinised as described. The 
cell suspension was pelleted by centrifugation at 1200 RPM for 3 mm. The 
culture medium was aspirated and the cells were gently resuspended in 1 
ml of culture medium with 10% DMSO (BDH). These cells were transferred 
to cryovials (NUNC) and stored at 700C.  For long term storage, frozen cell 
stocks were kept in liquid nitrogen. For freezing a large number of 
permanent cell clones, clones were frozen in 24-well culture dishes 
(Corning) (Ure et al., 1992). The culture medium was removed from all 
wells and 250 p1 of culture medium with 10% DMSO was added. Plates 
were sealed with parafilm and stored at -70 0C. 
Frozen cells were recovered by warming the vial in a 37 00 waterbath and 
were quickly transferred to 10 ml of culture medium to dilute the DMSO. 
Cells were pelleted by centrifugation and resuspended in 10 ml of fresh 
medium. The culture medium was changed the following day, and most 
cultures were ready to be passaged within 2 or 3 days. Cells frozen in 24-
well dishes were quickly thawed, the freezing medium removed by 
aspiration and replaced by fresh culture medium. 
2.11.3 Transfection Of Cultured Cells 
Electroporation of ES and EB37/5 cells: DNA constructs were introduced 
into cells by electroporation to create stable transformants. Cells (5x10 7) 
were mixed with 100 jig of DNA, which was linearized, precipitated and 
resuspended in 100 p1 of PBS. Cells were trypsinized, washed in PBS, 
counted and resuspended in PBS to give 5x 10 7 cells per 700 pil. The 
mixture of cells and DNA was transferred to a 0.4 cm electroporation 
cuvette. The cuvette was placed in the electroporation chamber of a Bio-
Rad electroporator and subjected to one pulse of 800V, 3 jiF, 0.1 sec. Cells 
were allowed to recover for 20 min prior to plating on culture dishes at 
various densities. One day after the electroporation, culture medium was 
replaced with the selection medium containing an appropriate amount of 
G418 (Gibco BRL). Selection medium was changed every second day until 
the colonies of resistant cells became visible (usually 10-14 days). Clones 
were picked by a pipette under the microscope and transferred to a 24-well 
dish to grow. 
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for ES cells 350 pg G418/ ml media 
for EB 37/5 cells 450 tg G418/ ml media 
Lipofection: This method was used for transient and permanent transfection 
of CHO cells. Cells were grown in 3 cm diameter dishes until they became 
30-50% confluent. 10 p1 of Lipofectin (Life Technologies) was diluted into 
100 p1 of MEM Alpha medium without serum and allowed to stand at RT for 
30-45 mm. 2 ig  of DNA were resuspended in 100 jtl of serum-free MEM 
Alpha medium. The two solutions were gently mixed and incubated at RT 
for 15 mm. 1.8 ml of serum-free medium was added to the DNA-Lipofectin 
mix and overlayed onto cells washed with serum-free medium. Cells were 
incubated for 5-12 hr in the 37 0C CO2 incubator. After this time, the DNA 
containing medium was replaced with the complete growth medium and 
the cells were incubated for another 48 hr. 
For transient transfection: After this period cells were analyzed for the 
expression of transfected gene 
For permanent transfection: Cells were split 1:5 into the selection medium 
(500 ig/ml G418) and after 10-14 days resistant clones were picked. 
2.11.4 X-Gal Staining Of Cell Clones 
Cell clones obtained after the transfection were analysed for expression of 
the LacZ reporter gene by X-Gal staining (Beddington et al., 1989). Clones, 
grown in 24-well dishes, were washed twice with PBS and fixed in Fix 
Buffer for 15 min at RT. Cells were washed three times with Wash Buffer for 
10 min at RT and stained with X-Gal stain o/n at 370C. Photographs were 
taken using an Olympus IMT-2 microscope (magnification lOOx or 200x) 
fitted with an Olympus OM-4 camera. 
MM 
Fix Buffer 
0.2% glutaraldehyde 
0.1M sodium phosphate (pH7.3) 
2mM MgCl2 
5mM EGTA (pH8) 
Wash Buffer 
0.1M sodium phosphate (pH7.3) 
2mM MgCl2 
0.01% sodium deoxycholate 
0.05% BSA 
X-Gal Stain 
2 ml of 25 mg/ml XgaI in dimethylformamide 
0.106 g K4Fe(CN)6 
0.082 g K3Fe(CN)6 
48 ml Wash Buffer 
Solution was filtered using a 0.2 j.iI filter. 
2.11.5 Preparation Of Primary Spleen Culture 
Spleens were removed from two transgenic mice, washed in PBS and 
transferred into RPMI 1640 (Gibco BRL) media in a petri dish. Spleens 
were pierced with a needle and cells were washed out from the spleen sac 
using a syringe, transferred to a centrifuge tube and spun at 1,200 RPM for 
6 mm. Supernatant was removed and cells gently resuspended in 5 ml of 
RPMI media supplemented with 20% FCS. Three cultures of 5 ml each 
were set up with a varying volume of cell suspension added in round 
bottomed 20 ml plastic tubes. To each culture, 50 tl of lipopolysaccharide 
(5 mg/ml in RPMI, Sigma) were added. Spleen cultures were incubated at 
370C for 44 and 46 hr before the harvest. 
M. 
2.12 Fluorescent In Situ Hybridisation (FISH) 
FISH was performed on metaphase spreads derived from primary spleen 
cultures from transgenic mice, to determine the localization of the 
transgene in each line. 
2.12.1 Preparation Of Metaphase Spreads 
Metaphase spreads were made from primary spleen cultures established 
as follows. After 44 and 48 hr incubation of primary spleen cultures, cells 
were arrested in metaphase by addition of 50 p1 colcemid (10 RI/ml, Gibco 
BRL) and incubation at 37 0 C for 30 mm. Cells were harvested by 
centrifugation at 1,200 RPM for 6 mm. Supernatant was removed and cells 
were resuspended in one drop of 75mM KCI by gently flicking the tube with 
the finger. 10 ml of 75mM KCI were added and cells were incubated at RT 
for 10 minutes. Cells were centrifuged at 1,200 RPM for 6 minutes and 
supernatant removed. Fixative (3:1 methanol to acetic acid) was added 
dropwise, cells were gently resuspended and left overnight at 4 0C. The 
following day, cells were centrifuged as before and resuspended in 500 p1 
of fresh fixative. One drop of cell suspension was dropped from a height of 
20 cm onto acid/alcohol cleaned slides which were left to dry at RT for 
several hours and then stored under vacuum for 48 hr, before undertaking 
FISH. Slides were used within 10 days. 
2.12.2 Labelling Probes With Biotin 
Plasmids Act min, Act CGI, HMG mm, and HMG CGI were used as probes 
for FISH. 500 ng of plasmid was resuspended in 6 RI  of dH20. 2 p1 of lOx 
Nick Translation Buffer was added, followed by 2.5 R1  each of 0.5mM dATP, 
dCTP, dGTP, and biotin-16-dUTP (Boehringer Mannheim). 1 RI  of DNase I 
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(Boehringer Mannheim), freshly diluted 1:500, and 10 units of DNA 
polymerase I (Gibco BRL) were added. The reaction mix was incubated at 
160C for 90 mm. The probe was then precipitated with 0.1 vol of 3M NaOAc 
and 2 vol of EtOH for a minimum of 1 hr at -20 0C. The probe was spun 
down and the pellet was resuspended in 50 p1 of TE. 
1 Ox Nick Translation Buffer: 
0.5M Tris, pH 7.5 
O.1M MgSO4 
1 m DTT 
500 ig/ml BSA fraction V 
2.12.3 Detection Of Biotin 
The efficiency of biotin labelling for each probe to be used in fish 
experiments was tested. Serial 10-fold dilutions of the labelled probe were 
spotted onto a Hybond-N nylon filter, which was previously soaked in 20x 
SSC and dried. Biotin labelled DNA standard (diluted to 10 and 1 pg/111, 
Gibco BRL) was also spotted onto the filter. DNA was UV crosslinked (250 
mJ). The filter was washed in Buffer I for 5 min at RI and incubated in Buffer 
II at 600 C for 1 hr. The filter was then incubated in 10 ml of Buffer I 
containing 10 p1 of Strepavidin alkaline phosphatase (dilution 1:1,000 in 
0.5M Tris, 0.15M NaCl pH 7.5; Boehringer Mannheim) for 10 minutes at AT. 
The filter was subsequently washed twice with Buffer I for 15 min and once 
with Buffer Ill for 5 minutes. The filter was placed in a sealed plastic bag in 
10 ml of Buffer Ill with 1 ml of the BCIP/NBT alkaline phosphatase substrate 
kit IV (Vector) and incubated in the dark for several hours, until the colour 
developed. The filter was rinsed in Buffer I and dried before storage. 
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Buffer I 
0.1M Tris pH 7.5 
0.15M NaCl 
Buffer II 
0.1 M Tris, pH 7.5 
0.15M NaCl 
3% BSA fraction V 
Buffer Ill 
0.1M Tris, pH 9.5 
2.12.4 FISH 
The required amount of biotin-labelled probe (about 100 ng per slide) was 
precipitated with two vol of EtOH and dried in the SpeedVac (SVC 100, 
Savant). The pellet was resuspended in 10 p1 of hybridisation mix per slide 
at room temperature for 1 hr. 
Slides with the spleen metaphase spreads were incubated with 100 p1 per 
slide of RNase A (100 pg/ml) in 2x SSC for 1 h at 37 0C. Afterwards they 
were dehydrated in subsequent washes of 70%, 90% and 100% EtOH for 2 
min each and allowed to dry. Target DNA was denatured by incubating the 
slides in 70% formamide, 2x SSC for 3 min at 70 0C and dehydrated in 
subsequent washes of cold 70%, 90% and 100% EtOH for 2 min each. 
Labelled probe was denatured at 700C  for 5 min and reannealled for 15 mm 
at 370C. 10 p1 of probe was added per slide and covered with parafilm. 
Slides were incubated at 370C o/n. Excess probe was removed by washing 
the slides 4 times for 3 min ineach of the following solutions: 50% formamide, 
2x SSC at 450C; 2x SSC at 45 0C; 0.1x SSC at 600C. After washes, 40 RI  of 
Blocking Buffer (4x SSC, 5% skimmed milk) was applied onto each slide and 
left for 5 min at RI. 40 p1 of avidin FITC (4 jig/ml in Blocking Buffer, Vector) 
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were applied on each slide, covered with parafilm and these were left to 
incubate at 370C for 30 mm. The slides were washed 3 times in 4x SSC, 
0.1% Tween 20 for 2 min at 45 0C. 40 jil of second antibody, biotinylated anti-
avidin (5 p1/ml in Blocking Buffer, Vector), were applied per slide and slides 
were incubated as before. After washing as previously, 40 p1 of the third 
antibody layer, avidin-FITC was applied, and the slide was incubated and 
washed in the same way. Finally slides were washed in dH20 and left to dry 
for several hours. Slides were counterstained with DAPI (10 jig/ml, Sigma) 
and mounted in 40 p1 Vectashield (Vector). Coverslips were sealed with 
rubber solution. Slides were stored in the dark until observed under a Zeiss 
Axioplan II fluorescence microscope with a 100W mercury source. Images 
were captured with a Micromax cooled CCD (charged couple device) 
camera. Images were acquired using IPLab Spectrum (Signal Analytics) 
software and further processed using Adobe Photoshop. 
Hybridisation mix 
50% formamide 
2x SSC 
1% Tween 20 
10% dextran sulphate 
5 jig per slide Salmon sperm DNA (Sigma) 
2 jig per slide Mouse Cot DNA (Gibco BRL) 
2.13 Transgenic Mice 
All work with transgenic mice was carried out in the University of Edinburgh 
Transgenic Animal Facility. Transgenic mice were generated by 
microinjection of DNA fragments carrying a tested construct into the 
pronuclei of a fertilised egg (Bishop and Smith, 1989). Microinjections were 
done by Dr. Deborah Fowlis and Margaret Robertson. For generation of 
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transgenic founders, strain C136 (C57BL/6J x CBA/J) was used. Animals 
carrying the microinjected construct were identified by testing the DNA 
obtained from tail biopsies by Southern blot. 
2.13.1 Preparation Of DNA Fragments For Microinjection 
Prior to injection, plasmid DNA was prepared by the CsCI gradient method 
as described. DNA was digested to remove the vector sequence: Act mm 
plasmid was digested with Asp718 and Hindlll, Act CGI plasmid was 
digested with Pacl and Pmel, HMG min and HMG CGI plasmids were 
digested with NotI. Digests were run on a preparative agarose gel and 
fragments containing desired constructs were cut out. Fragments were 
isolated from LMP agarose as described and dialysed 48 hr against large 
volumes of injection buffer (10mM Tris pH 7.4, 0.1mM EDTA) at 4 0C. During 
dialysis buffer was changed twice. DNA was diluted to 10 ng/il in 0.2 
micron-filtered injection buffer. 
2.13.2 X-Gal Staining Of Embryos 
Staining of whole embryos: Female mice successfully mated with male 
transgenic founders were killed at embryonic day 10.5 and embryos 
carefully retrieved. Embryos were washed twice in PBS and stained with X-
Gal, following the same procedure as for cultured cells. After staining the 
embryos were photographed using the dark field illumination on the 
Olympus SZH microscope equipped with the Olympus OM-4 camera. 
Staining of embryo sections: Embryos were retrieved from 14.5 day 
pregnant mice mated with transgenic founders. Embryos were washed in 
PBS and bound to the specimen block with Tissue-Tek O.T.C. compound 
(Miles) at -150C. 30nm thin sections were cut in Cryotome 620 (Anglia 
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Scientific) with cutting temperature -13 0C to -150C. Tissue sections were 
collected on slides previously washed in 2% TESPA (3-
aminopropyltriethoxy-silane, Sigma) in acetone and acetone. Samples on 
slides were fixed for 30 mm, washed three times for 5 min and stained with 
X-Gal 0/n. All staining solutions used for tissue sections are as described 
for staining culture cells, but without the detergent. Afterwards sections 
were fixed again for 30 mm, briefly rinsed with Wash Buffer and 
counterstained with Neutral Red for 1 mm. Sections were dehydrated by 
incubating the slides in a series of 70%, 85%, 100% EtOH washes, 
followed by isopropanol and histoclear. Sections were mounted with DPX 
mountant (BDH) and covered with coverslip. Images were collected using 
the Olympus IMT-2 microscope connected to the CCD camera and further 
processed using Adobe Photoshop. 
2.14 Time-Lapse Videomicroscopy 
The CHO clone GFP-2 expressing Green Fluorescent Protein (GFP) was 
plated on a round coverslip and left to recover for 5 hr - 0/n. Cells were 
grown in media without phenol red, DMEM/F12 (Gibco BRL). The coverslip 
was fitted into the Focht Chamber System 2 (FCS2, Bioptechs). This 
chamber provided a closed environment enabling the observation of the 
same set of living cells under the microscope at defined time-intervals. The 
chamber was connected to the FCS2 temperature controller (Bioptechs) set 
for 370C, and a peristaltic P1 pump (Pharmacia) controlling the media flow. 
The chamber was fitted on an Olympus lX70 fluorescent microscope and 
images were captured using a cooled CCD camera (Photometrics). The 
microscope with camera was connected to a computer (Silicon Graphics) 
which controlled the setting and provided digital processing of images. The 
75 
microscope, CCD camera and computer are all part of the DeltaVision 
microscope workstation (Figure 2.3). Images were collected every 5 min for 
a period of 24 hr 10 min using phase-contrast and FITC filter, to create a 
time-lapse film of cell activity. 
FCS2 
chamber 
Temperature 	 Peristaltic 
controller  CD 
Figure 2.3: Schematic diagram of DeltaVision 
microscope workstation with FCS2 chamber 
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CHAPTER THREE: PREPARATION AND 
CHARACTERISATION OF THE CpG ISLAND-BASED 
CONSTRUCTS 
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3. Preparation And Characterization Of The CpG 
Island -Based Constructs 
CpG islands from two genes were used as models to test the 
hypothesis that a CpG island is an essential requirement for full promoter 
function in a chromosomal context. The first model CpG island comes from 
the human cytoplasmic -actin gene, a housekeeping gene coding for one 
of the most abundant proteins. -actin gene is well studied and its promoter 
is widely used. The CpG island from the mouse HMGC0A Reductase gene 
was used as a second model. The reason for choosing this housekeeping 
gene is that a large genomic fragment (5.5 kb) from this gene was reported 
to confer ubiquitous expression of reporter gene in cultured cells and 
transgenic mice (Gardiner et al., 1989; Mehtali et al., 1990). 
3.1 Human Cytoplasmic 3-actin Gene Derived Constructs 
As a first model, the CpG island from the human cytoplasmic P-
actin gene was used. Actin is one of the most abundant proteins in 
eukaryotic cells, with at least six isoforms (Vandekerckhove and Weber, 
1978). Muscle type actins are involved in muscle contraction and are tissue-
specific. Cytoplasmic actins (- and T-actin) are expressed in most 
mammalian cells including undifferentiated fibroblasts. In muscle 
development -actin is down-regulated and replaced with muscle-specific 
isoforms. In the absence of the element responsible for this down-
regulation, which is localised in the 3' UTR, 3-actin is constitutively 
expressed in all cell types (DePonti-Zilli et al., 1988). Human cytoplasmic 3- 
actin has been cloned and the gene structure has been determined 
(Nakajima-lijima et al., 1985). The gene consists of six exons with a 5' UTR 
iA] 
interrupted by a single intron (Figure 3.1). High homology in the 5' UTR, 
coding region and 3' UTR was observed between the human, rat, and 
chicken genes. The promoter region of the human -actin gene has been 
sequenced (Miyamoto, 1987), and extensively studied. Large fragments of 
the 5' region of the gene were tested in expression studies showing that f3-
actin promoter activity is equal or higher than activity of the early SV40 
promoter in many cell lines (Gunning et al., 1987; Sugiyama et al., 1988). 
Promoter activity strongly depends on binding of ubiquitous factors to the 
CCAAT box. When this binding does not occur due to mutation or deletion, 
promoter activity is abolished (Kawamoto et al., 1989; Quitschke et al., 
1989). The TATA box found 61bp downstream from the CCAAT box 
together with number of Spl binding sites are also suggested to play an 
important role in the promoter function. Apart from the proximal promoter 
region, there are two other regulatory regions present (Figure 3.2). The 
enhancer-like element in the distal 5' region of the -actin gene has no 
remarkable effect on promoter activity (Sugiyama et al., 1988). The third 
regulatory domain lies in the first intron (Kawamoto et al., 1988). All three 
domains contain CC(A/T)6GG motif, also found in other mammalian actin 
genes. This motif is similar to the Dyad Symmetry Element (DSE) of the 
human c-fos gene, responsible for the serum-mediated up-regulation of 
promoter activity. The CC(A/T)6GG element located between the CCAAT 
and TATA boxes seems to confer serum inducibility of -actin gene (Ng et 
al., 1989). Human, chicken and rat -actin promoters are frequently used in 
vectors to drive the expression of transgene in cultured cells and in 
transgenic mice (Beddington et al., 1989; Sands et al., 1993; Yamashita et 
al., 1993). These promoter fragments contain only the 5' quarter of the 3-
actin CpG island. If CpG island confers ubiquitous gene expression, 
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Figure 3.1: Human cytoplasmic -actin gene. Empty boxes represent 
untranslated exons, filled boxes translated exons. Regions cloned in the 
corresponding constructs are underlined: Act min from -472 to +49 nt; Act CGI 
from -472 to +1544 nt and Act SA from +1545 to +1893 nt. +1 nt indicates the 
start of transcription. nt: nucleotide; SA: splice acceptor 
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Figure 3.2: Location of the enhancer-like elements in the human -actin 
gene. 1, 2 and 3 refer to fragments containing CC(A/T)6GG motifs. Black, 
hatched and open boxes represent 5' UTR, first intron and 5' flanking 
sequences, respectively. 
This figure was adapted from Frederickson et al.,1989.   
presence of the full CpG island in the promoter fragment should improve its 
properties. 
The promoter activity of the following two -actin derived 
constructs was compared. The "Act mm" plasmid (pBBgeopA) was 
constructed by W. Scarnes. It contains the 520bp promoter fragment from 
human cytoplasmic 13-actin gene (Frederickson et al., 1989), which covers 
the 5' quarter of the corresponding CGI, upstream of the LacZneo fusion 
reporter gene (Figure 2.1; 3.1; 3.3). In the second construct, "Act CGI", a 
201 6bp f3-actin fragment containing the entire CGI was used as a promoter. 
The 5' end of the intact CGI fragment correlates with the 5' end of 520bp 
fragment used in the "Act mm" vector, and the 3' end lies in the third intron 
(Figure 3.1). The CGI fragment is followed by a 348bp 3-actin SA fragment 
derived from the intron3/exon4 boundary. To prevent the formation of a 
fusion f3-actin-LacZneo protein which might not be functional, an Internal 
Ribosomal Entry Site element (IRES) was placed upstream of LacZneo 
reporter gene (Figure 3.3). IRES mediates an internal initiation of 
translation, therefore two independent proteins, truncated f3-actin and 
functional 3-geo, are produced (Mountford and Smith, 1995; Oh and 
Sarnow, 1993). 
The "Act CGI" vector was created through a series of cloning 
steps. The 3-actin CGI fragment was obtained by nested primer PCR 
(chapter 2.8; Figure 3.4) and cloned directly into the pTAg vector (chapter 
2.7.2). The PCR product was partially sequenced (Figure 3.5). Sequencing 
of the 5' region of the "Act CGI" vector confirmed the presence of all 
regulatory elements essential for proper promoter function. Several 
differences between this sequence and that in the database were observed. 
IRES 	lacZ 	 neo pA 
CGI 
Act CGI 
EX 	C 
part of CGI 
F 
lacZ 	 neo pA 
Act min 
AN C 	 E 	X 	 1kb 
Figure 3.3: Human cytoplasmic 13-actin based constructs. 
Boxes represent exons of the gene; filled are translated. The red 
line indicates genomic sequences present in both constructs. The 
fragment used as a LacZ probe is underlined in green. 
C: Clal; E: EcoRl; X: Xbal; N: Ncol 
1234 M 
DNA 	+ - + - 
I 	I 	I I 
HbactF HbactF primers 	HbactR4 HbactR3 
Figure 3.4: Human -actin CpG island fragment after second 
round of PCR amplification. Genomic DNA was used as a 
template in lane 1, amplified with primers HbactF and HbactR4. 
Lane 2 has no template and the same primers. In lane 3 1/40 vol 
of PCR product from lane 1 was amplified using nested primers 
HbactF and HbactR3. Lane 4 has no template and the same 
primers. M: 1 k ladder. 
TCCACACCTA 
AGgCGGGCAG 
AACCGGGCAC 
CGCGCCCCCA 
ACGCCAAAAC 
TCGCTCTTTT 
AAAAAAATGC 
GCGCGGGGCC  
TTTATGGCTC 
AGCGGCGCGA 
GCGAGCACAG 
CACAC 
GGATGTCCCG 
GCCGGGGGCA 
TGCCCAGCGT 
GCCCCCGGGC 
TCTCCCTCCT 
TTTTTTTCGC 
TGCACTGTgc 
AATCaGCGTG 
GAGCGGCCGC 
CGCGCCACCa 
AGCCTCGCCT 
CGGTGGGTGG GGGGCCCGAG 
GGCCTGGCtA TGCGGGGCCG 
GGGGCGCGGG GGCCACGGCG 
CCAGCACCCC AAGGCGGCCA 
CCTCTTCCTC AATCTCGCTC 
AgAAGGAGGG GAGAGGGGGT 
ggcgaaCCGG TGAGTGAGCG 
CGCCGPTCCG AAAGTTGCCT 
GGCGGCGCCC TATAAAACCC 
ccgccgaACC GCGTCCGCCC 
TTGCCGATCC GCCGCCCGTC 
Figure 3.5: Promoter sequence of Act CGI construct. The 
CCAAT box, TATA box and CC(A/T)6GG motifs are underlined. 
Sequences in lower case differ from database data (M10277) for 
3-actin gene. 
ACTAGTTGTC TGAGACAGTG TTGTGGGTGT AGGTACTAAC 
ACTGGCTCGT GTGACAAGGC CATGAGGCTG GTGTAAAGCG 
GCCTTGGAGT GTGTATTAAG TAGGCGCACA GTAGGTCTGA 
ACAGACTCCC CATCCCAAGA CCCCAGCACA CTTAGCCGTG 
TTCTTTGCAC TTTCTGCATG TCCCCCGTCT GGCCTGGCTG 
TCCCCAGTGG CTTCCCCAGT GTGACATGGT GCATCTCTGC 
CTTACAGATC ATGTTTGAGA CCTTCAACAC CCCAGCCATG 
TACGTTGCTA TCCAGGCTGT GCTATCCCTG TACGCCTCTG 
GCCGTACCAC TGGCATCGCG ATGGACTCGC TAGC 
Figure 3.6: Sequence of SA cloned into Act CGI construct. The 
Spel and Nhel restriction sites used for cloning are underlined. 
These may be due to inaccuracy of DNA polymerase during the PCR, or 
due to polymorphism in the template. These differences do not seem to 
interfere with the promoter function of the 13-actin fragment in the vector.The 
Bglll-Spel CGI fragment derived from the PCR-amplified product was 
cloned into the Bglll-Spel position of pBSlRES3-geo vector (chapter 2.7). 
The f3-actin SA region was also PCR amplified, cloned into pTAg vector and 
sequenced (Figure 3.6). The Spel-Nhel SA fragment was cloned into the 
Spel site of pBSActCGI IRESf3-geo vector, and correct orientation of SA 
was confirmed by restriction endonuclease digests. 
3.2 Mouse HMG CoA Reductase gene derived constructs 
HMGC0A Reductase gene is a housekeeping gene which codes 
for a key enzyme (hmg-r) in cholesterol synthesis. Hmg-r mediates the 
conversion of HMGCoA to mevalonate, which is subsequently converted 
into cholesterol and nonsterol isoprenoids. Cells can also obtain 
cholesterol from the receptor-mediated endocytosis of cholesterol-carrying 
low-density lipoproteins (LDL). When there is enough cholesterol present in 
the cell environment, hmg-r activity declines by more than 90% (Goldstein 
and Brown, 1990). It has been shown that cholesterol suppresses hmg-r 
mainly by the inhibition of transcription of HMGCoAR gene, and the 
sequence responsible for this inhibition lies within the promoter region of 
the gene (Luskey, 1987; Osborne et al., 1985). The HMGCoAR gene is 
highly conserved between species and is expressed from a variety of 
tissues at a relatively low level. The hamster HMGCoAR homologue, which 
is characterised in most detail, spans over 25kb and is divided into 20 
exons. The promoter region lacks a TATA box and a CCAAT box, and has a 
G+C content of 65%. It also contains sequences homologous to the 21 bp 
repeat of the SV40 promoter, responsible for binding the Spl transcription 
factor. The gene has a large 5' untranslated region with transcription 
initiated from multiple sites (Reynolds et al., 1984). 
The mouse homologue of HMGCoAR gene has been cloned and 
used in the following experiments. A 5.5 kb BamHl-BamHl genomic 
fragment cloned in the pHMG vector (Figure 3.7) was used as a promoter 
(Gardiner et al., 1989), driving the expression of two reporter genes. 
Luciferase and CAT reporter genes were expressed at high level in all 
tested cell lines. Transgenic mice lines harbouring the pHMG-CAT vector 
were also established, and all generated lines were reported to express 
CAT in every tissue examined (Gardiner et al., 1989; Mehtali et al., 1990). 
pHMG linked to a LacZ reporter gene was used as a cell marker for studies 
of somitogenetic potential of transplanted cells. From the transgenic mice 
lines established, the one with the highest expression level of the LacZ was 
analyzed, and showed ubiquitous and uniform expression of transgene in 
all cells, as detected by X-gal staining (Tam and Tan, 1992). It is possible 
that the CpG island present within the promoter fragment is necessary for 
the reported expression. In that case all deletions in the promoter fragment 
made outwith the CpG island should also allow ubiquitous expression of 
the reporter gene. Conversely, deletion of part of the CpG island should 
abolish ubiquitous expression. 
The GenEMBL database contained 920bp of sequence from the 
mouse HMGC0AR gene, covering the promoter region, first untranslated 
exon and the beginning of the first intron (accession no. X07887). In order 
to determine the size of the corresponding CGI the whole cloned 5.5kb 
fragment was sequenced (Figure 3.8). Judged by the CpG:GpC ratio, the 
size of the CpG island was determined to be 800 bp, which is slightly less 
than average CpG island. 
Th 
mouse HMGCoAR gene 
4 	 I 
HMGC0AR 
promoter 	exon 1 	 intron 	 : pA pPoly III (on, ampR) I 
A:LEIIIJIJIIIIIIII-J 
SA 
tpolylinker 
B N,B/Bg 	Bg S S 	Xb 	S 	 Bg S Bg Xb N 	 N I 	I 	II I I I 	II 	II I 
B/Bg,B,Ev,Sa,Kp 
1 k 
Figure 3.7: Structure of the HMGCoAR based plasmid, pHMG. A: The pHMG 
plasmid contains an HMGC0AR fragment comprised of the promoter, first 
exon, and intron with corresponding splice acceptor, cloned into the Noti site 
of the pPolyllI plasmid. The new polylinker and SV40 polyadenylation signal 
was cloned downstream of the HMGC0AR fragment. SA: splice acceptor B: 
Restriction map: B/Bg: BamHl/Bglll fusion, Bg: Bglll, Ev: Ec0RV, Kp: Kpnl, 
Sa: Sail, S: Smal, N: NotI, Xb: Xbal 
This figure was taken from Gautier et al., 1989 
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Figure 3.8: Structure and sequencing strategy for the mouse HMGCoA Reductase 5.5 kb genomic 
fragment. CpG island is defined by similar frequencies of CpG and GpC dinucleotides. Open box 
represents 1st untranslated exon. Dashed line represents the sequence (X07887) available from 
the database. Arrows represent sequences obtained with primers: from left to right HMGR2; 
HMGR1; HMGF2; HMGF1; HMGF3; HMGF4; HMGF40; HMGF41; HMGF52; HMGF6; HMGF7; 
HMGF80; HMGF9; HMGF10; HMGF11; HMGF12; HMGF13. 
Sequence comparison with the GenEMBL database was carried out using 
GCG9 Fasta software. A high degree of homology was detected between 
the mouse, hamster, rat, and human genes in the promoter and first exon 
region (74% - 79%). A lower homology level was observed between the 
mouse and hamster in the first intron of the gene (56%). 
A discrepancy in the first exon size existed, which was 700bp 
according to the literature (Gardiner et al., 1989; Tam and Tan, 1992) and 
67bp according to the database. To confirm the exon size, RT-PCR was 
performed (chapter 2.8.1). Sets of primers were designed in such a way that 
the size of the corresponding PCR product would distinguish between four 
possibilities: 
exon size primers primers 
HE1.1 -HE2R HE1.2-HE2R 
67bp 192bp - 
> 67bp, 5' boundary 192bp 484bp 
further upstream  
> 67bp, 3' boundary > 192bp - 
further downstream  
> 67bp, boundary both > 192bp > 484bp 
5' and 3' further  
Primer HE1.1 lies within the 67bp sequence described in the database, 
primer HE1.2 lies in upstream of the HE1.1 primer, and HE2R primer lies in 
the second exon (Figure 3.9). Based on the database sequence, PCR from 
the cDNA using HE1.1 and HE2R primers should yield a product of 192bp. 
However, if the first exon extends further downstream, the PCR product will 
be larger. Alternatively, exon 1 may start further upstream, which would be 
detected by the presence of a PCR product using the HE1 .2 and HE2R set 
of primers. 
Ml 2345 6M 
- 501 
- 404 
- 331 
- 242 
- 190 
- 147 
- 111 
- 67 
RI + + - - - - 
cDNA+ + -++ - 
HE1.1 -HE2R 	HE1.2-HE2R 
exon 1 	 exon 2 
B: 	
192 bp 	- 
H 	Il 	 I 	H 
 
192 bp 	484 bp 
I 	I 	H >192 bp 	-  
>192 bp 	>484bp 
HE1.2 HE1.1 	 HE2R 
Figure 3.9: RT-PCR product with size 1 92bp confirms the size of 
the first exon of the mouse HMGCoA Reductase gene to be 67bp. 
RT + or - indicates the presence or absence of RT during the 
preparation of cDNA from ES cell RNA. cDNA + or - indicates the 
presence or absence of template in the PCR reaction. 
lane 1, 3 and 4: primers HE1 .1 and HE2R 
lane 2, 5 and 6: primers HE1 .2 and HE2R 
Schematic diagram showing the possible positions of exoni and 
PCR primers used. The hatched box represents the 67bp exoni 
sequence given in the database (X07887). 
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Figure 3.10: Mouse HMG CoA Reductase gene fragment. 
Empty box represents first untranslated exon. Fragments deleted from 
"HMG A intron", "HMG mm" and "HMG A upstream CGI" constructs are 
underlined with a dashed line. 
CGI 
	
IacZ 	neo pA 
HMG CGI 	1i 	ii 	i ii 	 I 
EBE ENX E XEN E 
CGI 
ac Z 	neo pA 
HMG A intron  
EBE ENXEN 	 E 
part of CGI 
ac Z 	neo pA 
HMG min 	
1i  
EBE EN 	 E 
cc' 
I 	I 
HMG 	
ac Z 	neo pA 
upstream  
of CGI 
BE ENX 	E XEN 	 E 
1kb 
Figure 3.11: HMG CoA Reductase based constructs. Empty 
box represents first untranslated exon of the gene. Red line 
indicates genomic sequences present in all constructs. The 
fragment used as a LacZ probe is underlined in green. 
BE: BstEll, E: EcoRl, EN: EcoNI, X: Xbal 
The first exon was confirmed to be 67bp, as a product with corresponding 
size was observed. 
The mouse HMGC0A Reductase CGI fragment used in the 
following experiments was derived from the pHMG vector (Figure 3.7) 
constructed by M. Mehtali and R. Lathe (Gardiner et al., 1989), where a 
5.5kb BamHI genomic fragment containing the promoter, first untranslated 
exon and first intron with the splice acceptor of the gene was cloned into the 
pPolylll vector (Lathe et al., 1987). To create the "HMG CGI" vector, pHMG 
was cleaved by Sail in the polylinker, and the LacZneopA Sail fragment 
(chapter 2.7) was inserted. The correct orientation of the inserted reporter 
gene was confirmed by restriction endonuclease digests. LacZneo codes 
for a fusion protein responsible for both J3-galactosidase enzymatic activity 
and neomycin resistance. The same reporter gene was used in all related 
constructs. To investigate the effect of the CpG island on the promoter 
properties of the cloned genomic fragment, namely the conferral of 
ubiquitous expression of reporter gene (Gardiner et al., 1989; Mehtali et al., 
1990), three deletion constructs were prepared (Figure 3.10; 3.11). "HMG i 
intron" contains the full size CGI and most of the intron (Xbal-Xbal fragment) 
is removed. In "HMG mm" the intron and 3' part of the CGI (EcoNl-EcoNI 
fragment) are removed. In "HMG A upstream CGI" sequences upstream of 
the CGI are removed (Notl-BstEll fragment), but the whole island itself 
remains intact. 
CHAPTER FOUR: EFFECT OF CpG ISLAND ON 
TRANSGENE EXPRESSION IN CULTURED CELLS 
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4. Effect Of CpG Island On Transgene Expression In 
Cultured Cells 
Cultured cells were used as a first model system to study the 
effects of CpG islands on transgene expression. First, the effect of CpG 
islands was tested prior to integration of constructs (Figure 3.3 and 3.11) 
into the genome in a transient transfection assay. Second, after integration 
of constructs into the genome in stable cell lines, two different approaches 
were used to analyse the effect of CpG islands: bulk analysis of stable cell 
lines to determine the effect of a CpG island on the average level of 
transgene expression, and analysis of individual cell lines to determine 
whether expression of CpG island-derived constructs is proportional to the 
number of integrated copies. 
4.1 Transient Transfection Of 3-actin And HMGCoAR 
Derived Constructs 
4.1.1 Introduction 
In order to test the effect of CpG islands on transgene expression 
in a non-chromosomal context, a transient transfection assay was 
performed. Also, for the purpose of subsequent experiments it was essential 
that the properties of promoters in the 3-actin and HMGCoAR based 
constructs outside the chromatin environment could be compared, and that 
the contribution of the sequences in which related constructs differ could be 
assessed. It the sequences removed from the "HMG CGI" construct, or 
added to "Act mm" construct contained important regulatory elements, it 
would be impossible to distinguish between the influence of these elements 
and the influence of the CpG island. 
The enhancer-like element in the first intron of the 13-actin gene, 
present in the "Act CGI" but missing in the "Act mm" vector, is a potential 
source of differences. This element stimulates the expression of a reporter 
gene under the control of a heterologous enhancerless promoter, and 
stimulation is orientation independent (Frederickson et al., 1989; Kawamoto 
et al., 1988). There is also high homology in this region between human, 
rat, and chicken 13-actin genes. However, this element is not essential for 
high expression level when used together with the promoter/enhancer from 
the proximal 5' UTR of the 13-actin gene (Frederickson et al., 1989), and is 
not present in another human cytoplasmic actin isoform, y-actin. 
In the Chinese hamster HMGC0AR gene a significant reduction 
of CAT activity was observed after the removal of the first intron (Osborne et 
al., 1985). This reduction in activity may be due to removal of an enhancer 
present in the hamster gene, or possibly, the removal of the splice acceptor 
(SA) together with intron abolished efficient splicing, which in turn is thought 
to influence the promoter function (Buchman and Berg, 1988; Palmiter et al., 
1991). All HMGCoAR-based constructs used here have an intact splice 
acceptor present. 
Transient transfection is designed to test the promoter strength. 
Results of this assay may vary, depending on the cell-line used (Sugiyama 
et al., 1988) and this variability can cause problems when heterologous 
promoters are compared. However, in this study only promoter fragments 
derived from the same gene were compared, therefore their relative activity 
does not depend on the host cell line used. 
4.1.2 Transient Transfection Experiment 
Transient transfection was used here to find out if the sequences 
which differ between constructs affect promoter strength (Figures 3.3 and 
WFA 
construct n-gal activity average n-gal relative n-gal 
(arbitrary units) activity activity  
(arbitrary units)  
Act CG  0.63 0.68 1 
0.73  
Act min 0.83 0.83 1.22 
0.83  
CHO cells 	
JL- 
0.09 0.09 0.13 
construct 1-gal activity average 3-gal relative n-gal 
(arbitrary units) activity activity 
(arbitrary _units)  
HMG CGI 0.94 0.96 1 
0.99  
HMG A intron 0.84 0.82 0.85 
0.80  
HMG min 1.35 1.33 1.38 
1.31  
HMG A 0.95 0.90 0.94 
upstream GCI 0.86  
CHO cells 	1 0.09 0.09 1 	0.09 
Table 4.1: Transient transfection of CHO cells with 13-actin and HMGCoAR 
derived constructs. Two parallel transfections were performed for each 
construct. 3-gal activity was calculated relative to the mean of Act CGI and 
HMG CGI for j3-actin and HMGCoAR derived constructs respectively. 
tc 
2.5 
05 
. 0 - C E 
0 2 • I 20 
0 
a- 
I - 
C - 
= C 
I 
Figure 4.1: Histogram showing the results of transient 
transfections of 3-actin and HMGC0AR derived 
constructs. 3-galactosidase activity is calculated relative 
to Act CGI and HMG CGI for 3-actin and HMGC0AR 
derived vectors respectively. The data are taken from 
Table 4.1. 
3.11). CHO cells were transfected in two parallel experiments with a 
lipofectin-DNA complex, and the expression level was assayed 48 hrs 
afterwards. -galactosidase activity was assayed in cell extracts equivalent 
to 7.5 x 105  cells, and measured in arbitrary units as the absorbance A420 
after a 30 min reaction (chapter 2.10.1). The results are summarised in 
Table 4.1 and Figure 4.1. Relative levels of -galactosidase are very similar, 
ranging from 1 to 1.22 in 13-actin-based constructs, and from 0.85 to 1.38 in 
HMGCoAR-based constructs. Therefore it is reasonable to assume that 
constructs based on the same gene are comparable, and any effects 
possibly observed in experiments to follow would not be due to differences 
in promoter strength. The results described also demonstrate that CpG 
islands have no effect on transgene expression when not integrated into 
chromatin. 
4.2 Bulk Analysis Of Stable Cell Lines 
In order to analyse the effect of CpG islands when integrated into 
chromatin, stable cell lines harbouring the constructs described were 
generated. DNA from individual constructs (2 jig) was transfected into equal 
amount of CHO cells, and cells were grown under selection in media 
containing G418 antibiotic. Only cells which expressed the LacZneo fusion 
gene could survive and form colonies. A schematic representation of the 
experimental strategy is shown in Figure 4.2. Some of the primary clones 
for each construct were picked up for individual analysis, and the rest were 
left to grow until the plates were almost filled. Four plates were generated 
for each construct. One plate was stained with X-gal to detect the proportion 
of strongly expressing clones, and cells from the remaining three plates 
were harvested. 
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Figure 4.2: Experimental strategy for bulk analysis of primary 
cultured cell clones. After transfection of DNA constructs and 
formation of G418 -resistant colonies, 4 primary plates from each 
construct were analysed in the following way: one plate from each 
transfection was stained with X-gal to detect the number of strongly 
expressing clones; cells from the remaining three plates were 
harvested. Half of the cells from each plate were used to determine 
the average copy number, and the remaining half was used to 
prepare cell extract for determining the 13-galactosidase activity. 
From each plate, DNA was made from one half of the cell suspension to 
determine the average copy number. Remaining cells were counted and 
cell extracts were made. The transgene expression for each plate was 
assayed as 13-galactosidase activity per 10 6 cells. 
4.2.1 Analysis Of X-Gal Stained Primary Plates 
Primary plates from two independent transfection experiments 
were stained with X-gal and counterstained with neutral red to show all the 
cells. Examples are shown in Figure 4.3a and 4.3b. A very low level of 
LacZneo expression is sufficient for resistance to the G418 antibiotic. 
Consequently, only colonies which strongly express the LacZneo fusion 
gene would appear blue after the staining with X-gal. For each plate, 
primary clones were counted by two persons, and the number of clones 
was determined as an average of the two counts (Table 4.2). The first 
observation is that the total number of clones obtained is very similar for all 
HMGC0AR-based constructs, showing that there is no increase in 
transfection efficiency when the complete CpG island is driving the 
transgene expression. If the complete CpG island was capable of conferring 
position-independent transgene expression, a higher number of clones 
would be expected under the same conditions, as the transgene would be 
expressed even in the chromatin environment where the incomplete-CpG 
island-driven transgene is silenced. 
The number of primary clones obtained from transfection of the 
Act CGI construct was very similar to that of HMGC0AR-based constructs, 
whereas only 54-58% of clones were generated in Act min construct 
transfection (Table 4.2). It is not clear why transfection of the Act mm 
construct resulted in lower number of clones and highly expressing clones 
(see below). 
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Figure 4.3a: X-gal staining of primary plates with clones harbouring the 
HMGCoAR-derived constructs (experiment 1). Strongly expressing clones 
were stained with X-gal (in blue), and all clones were counterstained with 
neutral red. Clones were counted and the proportion of blue clones for 
each construct was calculated in Table 4.2. Only the large clones are 
visible in this picture. 
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Figure 4.3b: X-gal staining of primary plates with clones harbouring the 
H MGCoAR-derived constructs (experiment 2). Strongly expressing clones 
were stained with X-gal (in blue), and all clones were counterstained with 
neutral red. Clones were counted and the proportion of blue clones for 
each construct was calculated in Table 4.2. Only the large clones are 
visible in this picture. 
experiment 1 experiment 2 average 
Construct No. of 
clones 
No. of 
blue 
clones 
% of 
blue 
clones 
No. of 
clones 
No. of 
blue 
clones 
% of 
blue 
clones 
% of 
blue 
clones 
Act CGI 366 47 12.8 120 5 4.2 8.5 
Act mm -200 1 0.5 70 1 1.4 0.9 
HMG CGI 377 37 9.8 120 12 10 9.9 
HMG A intron 375 33 8.8 150 16 10.7 9.8 
HMG min 311 13 4.2 158 9 5.7 4.9 
HMG A upstream of CGI 335 40 11.9 90 10 11.1 11.5 
Table 4.2: Analysis of X-Gal stained primary plates. 
One explanation is that the difference in transfection efficiency and the 
number of strongly expressing clones is a genuine consequence of the 
presence of a complete 13-actin CpG island. However, when the same Act 
min construct (with incomplete CpG island) was transfected into the ES or 
EB37/5 cells, strongly expressing clones were generated in a similar 
proportion as for the HMG CGI construct (although exact numbers were not 
determined). This argues against the universal effect of 13-actin CpG island, 
and at the same time supports the hypothesis that the choice of the host 
cells is important for the expression of the Act min construct. Lower 
transfection efficiency and the lack of strongly expressing clones carrying 
the Act min construct, results consistent with all permanent transfection 
experiments where CHO cells were used as a host cell line, may therefore 
reflect an intrinsic property of CHO cells. Another possibility is that the 
results obtained in the transfections of Act min construct into CHO cells are 
artefacts, perhaps due to some newly introduced mutation. However, results 
from transient transfection (section 4.1.2), and expression of Act mm 
construct in transgenic mouse embryos (section 5.1) and other cell lines 
(section 6.1) argue against the "Act mm" malfunction, as the same batch of 
"Act mm" DNA was used in all cases mentioned. To rule out the possibility 
of mutation, the Act min construct was sequenced. No mutation in the "Act 
mm" sequence was found. 
Comparison of the number of blue colonies for each construct 
suggests that CpG islands increase the proportion of highly expressing 
clones (Figure 4.3a and 4.3b; Table 4.2). For the HMGCoAR derived 
constructs, the difference in the proportion of highly expressing clones 
between the complete CpG island and partial CpG island is approximately 
2.1-fold, whereas for the 6-actin derived constructs the difference is 
approximately 9.5-fold. The mechanism by which CpG islands act to 
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influence the transgene expression is not clear. One possibility could be 
that complete CpG islands favour the insertion of multiple copies of 
transgene, which could lead to the increased expression if all constructs are 
expressed. Another possible explanation is that although complete CpG 
islands are not able to overcome the negative effects of neighbouring 
heterochromatin, they have a positive effect on level of transgene 
expression when integrated into the region of chromatin favourable for 
transgene expression. 
4.2.2 Analysis Of Average Expression Levels 
The average level of transgene expression for individual primary 
plates was calculated as 13-galactosidase activity per 106  cells per one copy 
of integrated transgene. In order to determine the average copy number, the 
DNA from individual plates was digested with EcoRl+Clal for 13-actin derived 
constructs, or with EcoRl for HMGCoAR derived constructs, and 
subsequently hybridised with probes from the endogenous chinese 
hamster (ch) APRT gene and the LacZ gene. A 1.3kb BamHl-EcoRI 
genomic fragment containing the first two exons of the chAPRT gene 
isolated from the pD422H plasmid (plasmid index A71, Prof. A. Bird's 
laboratory) was used as a chAPRT probe. The LacZ probe was a 2.2kb 
Clal-EcoRl fragment, indicated in Figures 3.3 and 3.11. To find out whether 
both probes hybridise to DNA with the same efficiency, a calibration was 
performed (Figure 4.4). The number of copies of endogenous APRT gene in 
lOpg of genomic DNA (n) was calculated, and assigned a copy number 
two. lOpg of CHO DNA was mixed with the following amounts of the LacZ-
carrying plasmid: 0, 0.5n, n, and 2n, which corresponds to 0, 1, 2, and 4 
copies of LacZ gene per 1 01g of genomic DNA. After hybridisation with both 
probes, the intensities of bands were compared using a Phosphorlmager. 
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Figure 4.4: Calibration of transgene copy number. A 
series of samples carrying the equivalent of 0, 1, 2, 3, 
and 4 copies of LacZ gene was prepared by mixing 
corresponding amounts of lacZ-carrying plasmid with 
lOp.g of CHO DNA. Each sample was hybridised with 
probes from the endogenous APRT gene and LacZ 
gene. Intensities of bands corresponding to APRT and 
LacZ probes were compared. 
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Figure 4.5: Example of estimation of transgene copy number from 
primary plates. DNA from primary plates was cut with Clal + EcoRt for 13 -
actin derived constructs, or cut with EcoRl for HMGCoAR derived 
constructs, and hybridised with chAPRT and LacZ probes. The average 
copy number for individual plates was estimated by comparing the 
intensities of bands using a Phosphorimager. 
primary plate average copy 13-gal (MU) /106 B-gal (MU) /106 average B-gal standard 
number cells cells per one (mU) /106  cells deviation 
copy per one copy  
Act CGI 	#1 3.8 3.07 0.81 
#2 4.1 2.11 0.51 0.63 0.13 
#3 5.3 3.03 0.57  
Act min 	#1 0.7 0.30 0.43 
#2 1 0.32 0.32 0.39 0.05 
#3 1.2 0.49 0.41  
HMG CGI 	#1 2 0.78 0.39 
#2 1 0.58 0.58 0.41 0.13 
#3 2.2 0.55 0.25  
HMGintron 	#1 1 0.13 0.13 
#2 0.7 0.31 0.44 0.33 0.14 
#3 1 0.43 0.43  
HMG min 	#1 3.8 0.80 0.21 
#2 2.1 0.36 0.17 0.25 0.08 
#3 1.8 0.65 0.36  
HMGupstCGl #1 1.4 0.53 0.38 
#2 1 0.11 0.11 0.44 0.30 
#3 0.9 0.75 0.83  
CHO - 0.03 - 0.03 - 
Table 4.3: Analysis of primary plates 
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Figure 4.6: Histogram showing the results of the 
analysis of primary plates. After permanent 
transfection of -actin and HMGCoAR derived 
constructs, -galactosidase activity was calculated as 
in Table 4.3. 
The intensities of chAPRT bands and LacZ bands were found to correspond 
to the respective copy numbers contained in the DNA mixes. It was 
concluded that both probes hybridise to DNA with similar efficiency. 
The average copy number for individual primary plates was 
estimated by comparing the intensities of bands corresponding to both 
probes. Results are shown in Figure 4.5 and summarised in Table 4.3. The 
13-galactosidase activity per 106 cells was determined in cell extracts for 
each primary plate by enzymatic activity assay (Table 4.3). Expression 
levels for each construct were presented as the average 13-gal activity per 
106 cells per one integrated copy of transgene, calculated from the data for 
three parallel plates (Figure 4.6). The results obtained suggest that 
complete CpG islands improve the level of transgene expression. However, 
this improvement represents less than a 2-fold difference in the level of 
expression between the related constructs. Ideally, a sample size measured 
for each construct should be larger than three in order to decrease standard 
deviations, which are large for the HMGCoAR derived constructs. 
4.3 Analysis Of Individual Stable Cell Lines 
One of the indications that a promoter is able to establish an 
autonomous expression domain and confer a position independent level of 
transgene expression is that all the integrated copies of the transgene are 
expressed, and the expression level is therefore proportional to the number 
of integrated transgene copies. In order to determine whether CpG islands 
act in this way in cultured cells, individual stable cell lines were analysed. 
The number of integrated transgenes was determined in the same way as 
for the primary plates, by comparing the intensities of hybridisation bands 
corresponding to the endogenous chAPRT gene and LacZ gene 
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Figure 4.7: Examples of transgene copy number estimation 
in stable cell lines. DNA was cut by EcoRl and hybridised 
with LacZ and chAPRT probes. The copy number was 
determined by comparing the intensities of bands using a 
Phosphorimager. 
Cell line copy no. 13-gal (mU)! B-gal (mU)! 
2.5x106 cells 2.5x106 cells 
_____ _______  per one copy 
Act CGI 	1' 2 1.37 0.69 
2' 1 3.34 3.34 
 4 24.90 6.23 
1 1 1.84 1.84 
2 2 2.28 1.14 
5 2 1.69 0.85 
6 1 2.22 2.22 
7 2 3.22 1.61 
9 6 2.48 0.41 
10 1 4.40 4.40 
12 1 0.28 0.28 
13 1 2.13 2.13 
14 9 1.94 0.22 
15 4 17.41 4.35 
17 3 2.58 0.68 
19 1 0.28 0.28 
Act min 	1' 1 0.05 0.05 
 1 0.04 0.04 
 1 0.04 0.04 
1 1 0.68 0.68 
CHO - 0.03 1 	- 
Table 4.4: Summary of analysis of the cell lines harbouring 
the 13-actin derived constructs. 
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Cell line copy no. 13-gal (mU)! 13-gal (mU)! 
2.5x106 cells 2.5x106 cells 
___ _______  per one copy 
HMG CGI 	1' 4 21.00 5.25 
2' 1 2.78 2.78 
4' 8 3.36 0.42 
5' 1 3.56 3.56 
1 3 2.25 0.75 
3 2 1.94 0.97 
4 2 0.84 0.42 
6 1 1.40 1.40 
9 10 0.85 0.08 
10 1 0.50 0.50 
12 5 9.93 1.99 
HMG A intron 	1' 6 1.51 0.25 
3' 1 0.98 0.98 
4' 2 1.74 0.87 
5' 1 2.52 2.52 
6' 1 0.97 0.97 
HMG min 	1' 1 1.98 1.98 
2' 2 1.89 0.95 
3' 2 10.96 5.48 
4' 1 3.13 3.13 
6' 1 2.59 2.59 
7' 1 0.07 0.07 
8' 1 0.05 0.05 
9' 1 1.04 1.04 
4 3 0.43 0.14 
9 6 16.58 2.76 
HMG A 	1' 1 0.49 0.49 
upstream 2' 1 1.87 1.87 
4' 5 1.98 0.40 
5' 4 6.67 1.67 
6' 18 5.64 0.31 
CHO - 0.03 - 
Table 4.5: Summary of analysis of the cell lines harbouring the 
HMGCoAR derived constructs. 
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Figure 4.8: Analysis of individual cell lines harbouring the -actin 
based constructs. 3-gal activity per 2.5x1 06 cells is plotted against 
the number of integrated copies. Squares represent individual cell 
lines; the filled square represents the area into which all "Act mm" 
lines fall. The enlarged graph sections show clones with one 
integrated copy. The data are taken from Table 4.4. 
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Figure 4.9a: Analysis of individual cell lines harbouring the HMGCoAR 
based constructs. 1-gal activity per 2.5x1 06 cells is plotted against the 
number of integrated copies. Squares represent individual cell lines. 
The enlarged graph sections show clones with one integrated copy. 
The data are taken from Table 4.5. 
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Figure 4.9b: Analysis of individual cell lines harbouring the HMGCoAR 
based constructs. p-gal activity per 2.5x106 cells is plotted against the 
number of integrated copies. Squares represent individual cell lines. 
The enlarged graph sections show clones with one integrated copy. 
The data are taken from Table 4.5. 
(Figure 4.7). Levels of expression for cell lines were determined as 13-
galactosidase activity in cell extracts from 2.5x106 cells (Table 4.4 and 4.5). 
For each construct the level of expression for derived cell lines was plotted 
against the number of integrated copies (Figure 4.8, 4.9a and 4.9b). 
If complete CpG islands conferred position-independent copy 
number-dependent transgene expression the level of expression calculated 
per one integrated transgene copy would be close to a constant. However, 
results summarised in Tables 4.4 and 4.5 show that the expression 
calculated as 13-galactosidase activity per one copy varies 28-fold for Act 
CGI; 17-fold for Act mm; 65-fold for HMG CGI; 10-fold for HMG A intron; 78-
fold for HMG mm; and 6-fold for HMG A upstream constructs. The 13-
galactosidase activity of clones harbouring a single integrated copy of 
transgene is shown to vary for all constructs independently of the presence 
of a complete CpG island (enlarged graph sections in Figures 4.8, 4.9a, and 
4.9b). For 13-actin-derived constructs there is a 10-fold difference in the 
mean level of expression for Act CGI single-copy clones (2.07mU) 
compared to Act min single-copy clones (0.20mU), whereas the mean level 
of expression for HMGCoAR-derived constructs is not significantly different 
(HMG CGI: 2.06mU, HMG A intron: 1 .49mU, HMG mm: 1 .48mU, and HMG A 
upstream: 1.18mU). 
Also, in the ideal case, there would be a linear relationship 
between the level of expression and copy number. Although the majority of 
cell lines have a low number of integrated copies, it was possible to 
determine that the increase in the expression level did not correspond to 
the increase in the number of inserted copies in any set of cell lines carrying 
one construct. This is best demonstrated with the examples of "HMG CGI" 
and "Act CGI" derived cell lines, where clones with 9 or 10 integrated copies 
had a level of expression similar to those with one copy. 
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4.4 Conclusions 
The effect of CpG islands on transgene expression was first 
investigated in cultured cells. In transient transfection it was demonstrated 
that CpG islands have no effect on the promoter strength by this assay, and 
that CpG islands do not influence transgene expression when not 
integrated into the genome. 
When integrated into the genome of cultured cells, CpG islands 
are not able to confer position-independent, copy number-dependent 
transgene expression. This was demonstrated in bulk analysis of stable cell 
lines, where the number of clones derived from all constructs, with 
exception of Act mm, was essentially the same. If CpG islands could confer 
position-independent transgene expression, the number of stable clones 
should be higher, as transgenes would be expressed even in the 
chromosomal positions where they were silenced previously. In the case of 
the Act min construct, the decreased number of clones generated is likely to 
reflect an intrinsic property of CHO cells, rather than a universal effect of 13-
actin CpG island on transgene expression in any given host cells. The 
analysis of individual cell lines confirmed that there is no linear relationship 
between the level of expression and copy number for constructs carrying a 
complete CpG island, and that the level of transgene expression calculated 
per one integrated copy varies widely between the clones carrying the 
same construct with a complete CpG island. 
Results obtained from the bulk analysis of stable cell lines 
suggest that CpG islands improve the level of expression in cultured cells, 
and increase the proportion of highly expressing clones. It is unlikely that 
this phenomenon is due to a higher number of integrated copies in clones 
carrying the constructs with complete CpG islands, as copy number was 
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shown to vary randomly. Ideally, the copy number of more clones with high 
expression would have been measured to disprove the hypothesis. It is 
likely that CpG islands, although not able to overcome the negative effects 
of neighbouring chromatin, favour high transgene expression in certain 
chromatin environments. 
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CHAPTER FIVE: EFFECT OF CpG ISLAND ON 
TRANSGENE EXPRESSION IN TRANSGENIC MICE 
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5. Effect Of CpG Island On Transgene Expression In 
Transgenic Mice 
Transgenic mice represent an ideal model for study of gene 
expression, as they allow for testing the effect of neighbouring chromatin, as 
well as the spatial and temporal pattern of transgene expression. In this 
study the effect of complete and truncated CpG islands on the pattern of 
transgene expression in transgenic mice was compared. Four constructs 
were used to generate transgenic mice: "Act mm", "Act CGI", "HMG mm", 
and "HMG CGI" (Figure 5.1). 
Transgenic mice were produced by microinjection of linear 
constructs into the pronuclei of fertilised eggs (Bishop and Smith, 1989), 
which were transferred into the recipient mice and allowed to develop to 
term. All transgenic mice manipulations were carried out in the University of 
Edinburgh Transgenic Animal Facility, and microinjections of the fertilised 
pronuclei were performed by Dr. D. Fowlis initially, and later by Ms M. 
Robertson. Transgenic founders were identified by Southern blot 
hybridisation of DNA from tail biopsies. Results from screening for 
transgenic founders are summarised in Table 5.1. 
Construct positive 	founders/litter total 	positive 
founders/mice born 
efficiency 
(%) 
Act min 0/5,1/5,4/16 5/26 19.2 
Act CGI 1/9, 	0/6, 0/5, 0/5, 0/6, 
0/10, 0/8, 0/15  
1/64 1.6 
HMG mm 2/12 2/12 16.7 
HMGCGI 1/1, 1(rearranged)/11 2/12 16.7 
Table 5.1: Summary of screening for transgenic mice lines. 
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Figure 5.1: Human cytoplasmic 13-actin and mouse HMG C0AR-
based constructs used to generate transgenic mice. Boxes 
represent exons of the gene; those filled are translated. The red line 
indicates genomic sequences present in both related constructs. 
Fragments used as probes for methylation status analysis are 
underlined in green. Be: BstEll; B: Bgl II; C: Clal; En: EcoNi; E: 
EcoRl; X: Xbal; N: Noti; Nc: Ncol 
Five lines carrying the "Act mm" (lines 6, 45, 47, 50, and 51) construct, one 
line carrying the "Act CGI" (line 10), two lines carrying the "HMG mm" (lines 
22 and 23), and one line carrying the "HMG CGI" (line 6) constructs were 
established. The rearranged "HMG CGI" line was excluded from the study. 
Despite numerous attempts, only one "Act CGI"-carrying line was obtained. 
It is not clear why there was such low efficiency for generating "Act CGI" 
lines. The fact that one line was successfully established suggests that the 
DNA itself was not the cause. However, the possibility that the "Act CGI" 
construct reduces the probability of the establishment of transgenic lines 
was not formally ruled out. 
In order to characterise the established mouse lines, the number 
of integrated copies of transgene was determined (Figure 5.2). DNA was 
made either from the adult spleen (lines Act mm 6; Act CGI 10; and wild 
type), or kidney (lines Act min 45, 47 50; HMG min 22, 23; and HMG CGI 6). 
For "Act mm" derived lines, DNA was digested with Ncol+EcoRl, whilst DNA 
from the rest of the lines including the wild type was digested with EcoRl. 
From Southern blot hybridisation of tail biopsies, it was predicted that lines 
Act min 6 and 50 carry a high number of integrated copies. Therefore for 
those lines only 5pg of digested DNA was used on the Southern blot. For 
the rest of the lines, including the wild type, 10pg of digested DNA was 
used. In each case, DNA was hybridised with the LacZ probe. The intensity 
of the hybridisation signal was quantified using a Phosphorlmager, and 
compared with the standards corresponding to 1, 2, 4, and 10 copies of the 
LacZ gene per 1Opg of genomic DNA. The LacZ standards were prepared 
as follows: the number of copies of any endogenous gene in 1Opg of 
genomic DNA (n) was calculated. LacZ-carrying plasmid was mixed with 
the carrier DNA (0.1jig/jil, Salmon sperm), and amounts corresponding to 
0.5n, n, 2n, and 5n molecules of plasmid were loaded on the gel. 
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Figure 5.2: Estimation of the number of integrated transgene 
copies in mouse lines. 10 p.g of DNA (5j.ig for lines Act min 6 
and 50) was digested with Ncol+EcoRl for Act min lines, or 
with EcoRl for the rest of the lines, and hybridised with the 
LacZ probe. The intensity of the hybridisation signal was 
quantified using a Phosphorimager. The number of transgene 
copies was estimated by comparison of hybridisation signals 
with LacZ standards. See main text for details. Wt: wild type 
The number of integrated transgene copies for the line Act min 51 was not 
determined, as this line was lost before adult progeny could be generated. 
5.1 Analysis Of Transgene Expression 
The aim of this part of experiment was to look at the level and 
pattern of transgene expression in mice, and to compare the expression 
between lines carrying the complete and truncated CpG island transgenes. 
Transgene expression was detected by X-gal staining of whole 10.5 day 
embryos, or 14.5 day embryo sections. First, the expression was 
investigated in 10.5 day embryos. Transgenic founders were mated with 
wild type mice, and embryos were retrieved at day 10.5 post coitum (pc). X-
gal staining of the whole embryos was performed, with results summarised 
in Table 5.2. 
construct 10.5 day embryos 
(stained/litter) 
total 	10.5 day 
embryos 
(stained/analysed) 
14.5 day embryo 
sections 
(stained/litter) 
(no. of transgenic)* 
Act min 6 0/9 0/9 0/10 (2)* 
Act min 45 0/5, 0/8, 0/7 0/20 0/8 (3)* 
Act min 47 0/9,0/7,0/8 0/24 0/10(2)* 
Act min 50 0/9,0/5 0/14 0/8 (5)* 
Act min 51 3/10 3/10 - 
Act CGI 10 0/9 0/9 0/7 (3)* 
HMG min 22 0/2,0/8 0/10 0/9(5)* 
HMG min 23 0/10 0/10 0/9(4)* 
HMG CGI 6 0/8 1 	0/8 
0/8 (5)* 
Table 5.2: Summary of X-gal staining of 10.5 pc embryos and 14.5 Pc 
embryo sections. 
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From the lines tested, transgene expression was detected in the Act mm 
line 51, where three out of ten embryos gave a strong, uniform blue signal 
(Figure 5.3a). However, no transgene expression was detected in any of the 
other lines (Figure 5.3b). One possible explanation for this lack of 
expression is that the embryos tested were not in fact transgenic. This 
seems unlikely since, theoretically, half of the progeny in every litter should 
carry the transgene. However, to formally rule out this possibility 14.5 day 
embryos were tested initially for the presence of the transgene, and then for 
its expression (Table 5.2). For all lines except Act min 51, which was lost 
prior to analysis, 30nm cryosections and DNA were made from each 
embryo. Embryos where the presence of the transgene was confirmed by 
Southern blot hybridisation were stained with X-gal, with results 
summarised in Table 5.2. Transgenic embryos were detected in litters from 
all lines at approximately the expected frequency (Table 5.2), but no 
transgene expression was detected (Figure 5.4). 
X-gal staining detects the transgene expression at the protein 
level. In order to determine whether the transgene was silenced at the level 
of transcription, Northern blot analysis was performed. RNA was extracted 
from 14.5 day embryos carrying the transgene, and hybridised with the 
LacZ probe (Figure 5.5). No transgene expression was detected in this 
assay. When the same membrane carrying RNA was re-hybridised with 
S26 ribosomal protein probe (Vincent et al., 1993), a signal was detected in 
all tested embryos. Results from the Northern blot analysis showed that no 
stable transgene RNA is synthesised. It is likely that transgenes in all tested 
lines are silenced at the level of transcription, as they were all found to be 
methylated (see below). 
From nine transgenic mice line established, only one, Act min 51, 
expressed the transgene. For the rest of the lines including those carrying 
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Figure 5.3a: X-gal staining of 10.5 Pc embryos. Three Act 
min 51 embryos out of ten gave a strong uniform blue signal. 
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Figure 5.3b: Example of X-gal staining of 10.5 Pc 
embryos. None of the nine Act CGI 10 embryos gave 
any blue signal. 
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Figure 5.4: Example of X-gal staining of a section through a 
14.5 day transgenic embryo. The section was counterstained 
with neutral red. No blue signal was detected. 
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Figure 5.5: Analysis of transgene expression by Northern 
blot hybridisation. 10 jtg RNA from 14.5 Pc embryos was 
hybridised with the LacZ probe. The sizes of expected bands 
are indicated. The lower panel shows the re-hybridisation of 
filter with the S26 ribosomal protein probe. 
full size CpG islands, transgene expression was not detected. Given this 
somewhat unexpected result, further investigations to determine whether 
methylation status of transgenes, and/or their chromosomal localisation 
play a role in their silencing were carried out. 
5.2 Methylation Status and Chromosomal Localisation of 
Transgenes 
In order to gain some understanding as to why none of the 
remaining transgenic mice lines gave any detectable transgene expression, 
further analysis of the transgenes was carried out. Because methylation is 
associated with gene silencing, the methylation status of the transgene 
promoters was analysed (Figures 5.6, 5.7, 5.8a, and 5.8b). DNA from the 
14.5 day transgenic embryos was digested with BgIll+EcoRI for lines 
carrying the 13-actin derived constructs, with EcoRl for HMG min lines, and 
with NotI+EcoRl for the HMG CGI line. Subsequently, equal portions of DNA 
were either not digested further, or were digested with HpaII, or MspI. HpaII 
is a methylation-sensitive isoschisomer of MspI. An equivalent amount of 
DNA from Act CGI 10 embryo was also digested with a second methylation-
sensitive enzyme, SacIl. DNA was then hybridised with the probes shown in 
Figure 5.1. In this assay, the unmethylated DNA fragment gives a 
hybridisation pattern in the HpaIl lane identical to the pattern in the MspI 
lane. When the DNA fragment is methylated, HpaII is not able to cut DNA 
and the resulting hybridisation signal differs from that in the MspI lane. In all 
tested lines carrying the Act min construct, transgenes were found to be fully 
methylated at all five sites tested (Figure 5.6). In the Act CGI 10 line the 
transgene was also shown to be methylated, as there were no identical 
bands observed in the HpalI and MspI lines (Figure 5.7). Moreover Sacil, 
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Figure 5.6: Methylation status of the transgene promoter in the Act min lines. A: DNA from 14.5 day embryos 
was digested as indicated, and hybridised with the probe shown in Figure 5.1. When hybridised with the wild 
type DNA, this probe gave no signal. B: Schematic diagram of part of the Act min transgene showing the 
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Figure 5.7: Methylation status of the transgene promoter in the Act CGI 10 
line. A: DNA from 14.5 day embryos was digested as indicated, and 
hybridised with the probe shown in Figure 5.1. No signal was detected when 
hybridised with the wild type DNA. B: Restriction map of part of the transgene. 
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Figure 5.8a: Methylation status of the transgene promoter in HMG mm 
lines. A: DNA from 14.5 day embryos was digested as indicated, and 
hybridised with the probe shown in Figure 5.1. B: Restriction map of part 
of the HMG min transgene. The underlined fragment was used as a 
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Figure 5.8b: Methylation status of the transgene promoter in the HMG CGI6 
and wild type. A: DNA from 14.5 day embryos was digested as indicated, and 
hybridised with the probe shown in Figure 5.1. B: Restriction map of the part of 
the HMG COl transgene. The underlined fragment was used as a probe. M: 
Mspl; H: Hpall, methylation-sensitive Mspl isoschisomer 
the methylation-sensitive enzyme was mostly unable to cut the DNA. The 
probes used for 13-actin derived constructs did not cross-hybridise with the 
wild type mouse DNA (Figure 5.7). Similarly, all mice lines carrying the 
HMGCoAR derived constructs were found to be methylated within the 
transgene promoter (Figures 5.8a and 5.8b). In this case, the probe does 
cross-hybridised to the endogenous HMGCoAR gene, which was shown to 
be unmethylated (Figure 5.8b). The fact that all tested lines were found to 
carry methylated transgenes is consistent with the absence of detectable 
transgene expression. 
Another factor influencing transgene expression is the position of 
integration within the genome. Neighbouring heterochromatin, such as a 
centromere, is known to silence or severely reduce the expression of 
susceptible transgenes. The position of transgene integration in all 
available lines was therefore analysed by fluorescence in situ hybridisation 
(FISH). Act mm, Act CGI, HMG mm, and HMG CGI constructs were labelled 
with biotin, and used as probes. Hybridisation was performed on 
metaphase chromosome spreads made from primary spleen cultures. The 
position of the transgenes was detected under a Zeiss Axioplan II 
fluorescence microscope as a green signal on DAPI-counterstained (blue) 
chromosomes. Results are shown in Figures 5.9a, b, c, and d; and 
summarised in Table 5.3. From the eight lines tested, four have the 
transgene localised in, or very near the centromeric heterochromatin. The 
remaining four lines have the transgenes localised in the middle of a 
chromosomal arm. From this assay it is not possible to determine whether 
the transgenes localised in the arm of the chromosome are in the actively 
transcribed euchromatin, or heterochromatin. 
138 
Act min 6 
Act min 47 
Figure 5.9a: Examples of transgene localisation by FISH. Transgenes are 
labelled with biotin (green). Metaphase chromosomes are counterstained 
with DAR (blue). The bright blue dot at the end of chromosomes correspond 
to the centromeres. 
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Figure 5.9b: Examples of transgerie localisation by FISH. 
Transgenes are labelled with biotin (green). Metaphase 
chromosomes are counterstained with DAR (blue). The bright blue 
dot at the end of chromosomes correspond to the centromeres. 
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Figure 5.9c: Examples of transgene localisation by FISH. 
Transgenes are labelled with biotin (green). Metaphase chromosomes 
are counterstained with DAR (blue). The bright blue dot at the end of 
chromosomes correspond to the centromeres. 
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Figure 5.9d: Examples of transgene localisation by FISH. Transgenes are 
labelled with biotin (green). Metaphase chromosomes are counterstained 
with DAR (blue). The bright blue dot at the end of chromosomes 
correspond to the centromeres. 
Line Copy number Transgene Methylation Position on 
expression status chromosome 
Act min 6 44-61 no yes arm 
Act min 45 7-10 no yes pericentromeric 
Act min 47 27-37 no yes arm 
Act min 50 100-142 no yes arm 
Act min 5l nd yes nd nd 
Act CGI 10 4-5 no yes pericentromeric 
HMG min 22 5-7 no yes pericentromeric 
HMG min 23 1-2 no yes pericentromeric 
HMG CGI6 15-21 no yes arm 
Table 5.3: Summary of transgenic mice analysis. nd: not determined 
5.3 Conclusions 
Results from the transgenic mice analysis are summarised in 
Table 5.3. Unexpectedly, transgene expression was detected only in one 
line, Act min 51, at the 10.5 day stage of development. Transgenes in the 
remaining lines were silenced at the level of transcription, as demonstrated 
by the Northern blot analysis. The fact that no expression was observed 
correlates well with the highly methylated state of the transgene promoters 
in those lines. Transgenes in four lines were shown to localise at, or very 
close to the centromere. It is therefore possible that the silencing of the 
transgene in those lines is caused by the neighbouring centromeric 
heterochromatin. In the remaining four tested lines the transgenes are 
localised in the arm of a chromosome. It is possible that transgene silencing 
occurred due to the negative effect of neighbouring chromatin. Alternatively, 
the high number of integrated transgene copies in those lines could have 
become heteroch romatin ized and consequently silenced. 
Even though only two lines carrying the full size CpG island were 
generated and characterised, it is possible to conclude that full size CpG 
island-driven transgenes are not automatically able to overcome the 
negative effects of neighbouring heterochromatin, and give ubiquitous 
transgene expression independent of the integration site. Ultimately, it 
would be interesting to see how a complete CpG island influences 
transgene expression when integrated into non-heterochromatic 
environment, for which more transgenic lines would have to be generated. 
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6. Heterogeneous Transgene Expression Within Cultured 
Cell Clones 
As part of the study of the effect of a complete CpG island on 
transgene expression in cultured cells, stable clones carrying constructs 
described in chapter 3 were generated. Constructs were transfected into 
three different cell lines: EB37/5 cells, ES cells, and CHO cells (see section 
2.11.1). Transgene expression in established clones was analysed at the 
level of individual cells by X-gal staining. It was frequently found that 
transgene expression was heterogeneous within a clone. In order to 
elucidate the mechanism of intraclonal heterogeneity, transgene 
expression was further studied in a clone carrying a Green Fluorescent 
Protein (GFP) gene under the control of a CMV/T7 promoter. 
6.1 Analysis Of Heterogeneous Expression Within Clones 
Carrying CpG Island-Derived Transgenes 
The vast majority of stable clones analysed by X-gal staining 
showed heterogeneous transgene expression in individual cells (Figures 
6.1 and 6.2). The proportion and pattern of expressing cells varied greatly 
between individual clones, presumably due to the different position of 
transgene integration into the genome. In some clones the level of LacZ 
expression, detected as a blue signal after X-gal staining, varied from no 
blue signal to dark blue, in others staining was more uniform, varying from 
no staining to "dotted" staining. Some clones did not express LacZ at a 
detectable level, whilst others gave close to uniform dark staining. Neither 
the choice of the host cell line, nor the presence of a complete CpG island 
in the transgene appeared to influence the described heterogeneity. 
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Figure 6.2: Examples of X-gal staining of CHO clones 
carrying the Act CGI construct. Transgene expression 
is detected as a blue signal. 
There are several possible hypotheses to explain the described 
heterogeneity. One is that heterogeneity is due to the genetic modification, 
such as transgene rearrangement or loss, within individual cells of a clone. 
It is also possible that the population of cells in a clone is not identical, with 
some cells not harbouring the transgene. This would result in no blue 
staining in those cells. Although this hypothesis is unlikely, it is theoretically 
possible that cells without transgene could survive G418 selection when 
surrounded by neoR  expressing cells. In order to find out whether the 
presented hypothesis can be used to explain the observed intraclonal 
heterogeneity, small primary colonies carrying the transgene were 
analysed. A suspension of individual stably transfected cells was seeded 
under G418 selection in a very low density, so that all colonies formed 
would arise from individual cells. Clusters of cells were analysed by X-gal 
staining at different time points (Figure 6.3). Even in very small primary 
colonies, heterogeneity in transgene expression could be seen, and the 
presence of a complete CpG island in the transgene did not seem to reduce 
it. Therefore absence of the transgene or transgene rearrangement are 
unlikely to explain the observed intraclonal heterogeneity. Another 
hypothesis is that transgene expression occurs in random pulses, with cells 
switching transgene expression on and off in time. This would not be 
detected by the assay described, as cells are fixed prior to X-gal staining 
and therefore analysis of transgene expression in the same cell in a 
different time is not possible. 
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Figure 6.3: Examples of X-gal staining of small primary 
colonies in CHO cells. Expression of the transgene, 
detected as a blue signal, is not uniform. 
6.2 Analysis Of Heterogeneous Expression Within A 
Clone Carrying GFP Transgene 
In order to investigate the hypothesis that individual cells carrying 
the transgene switch transgene expression on and off in time, stable clones 
carrying Green Fluorescent Protein (GFP) under the control of CMV/T7 
promoter (Figure 2.2) were generated. Expression of GFP can be monitored 
as a bright green fluorescence signal in individual living cells, which 
enables the expression pattern of individual cells to be followed over a time 
period (Cubitt et al., 1995; Plautz et al., 1996; Zernica-Goetz et al., 1997). 
CHO cells were cotransfected with a mixture of plasmids pCMX-GFP and 
pCMV-Neo-Bam (section 2.7), one carrying the GFP gene and the other 
carrying the gene for G418 resistance. Stable clones were analysed for 
GFP expression and one clone, GFP-2, was selected for further analysis. 
In order to ensure that the GFP-2 clone indeed consists of 
genetically identical cells and that heterogeneous green signal within the 
clone is not therefore due to the genetic differences between cells, the GFP-
2 clone was subcloned, and the subclones were analysed. One way to 
examine whether cells within subclones are identical is DNA analysis by 
Southern blot (Figure 6.4). DNA of individual subclones was digested with 
BamHl, BamHl+Hindlll, and HindlIl, and hybridised with the probe 
corresponding to the BamHl-Hindlll GFP fragment. This probe should 
hybridise to the same sized BamHl-Hindlll fragment in doubly digested DNA 
from all cells carrying the GFP transgene. However, hybridisation bands in 
BamHl alone (B) and Hindlll alone (H) lanes should differ in size according 
to the different position of the GFP transgene integration in the genome. 
From four subclones analysed, three gave identical hybridisation patterns in 
all lanes, 
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Figure 6.4: Southern blot analysis of GFP-2 subclones. a: DNA was 
digested as indicated and hybridised with the probe shown in part b. b: 
Schematic representation of the pCMX-GFP transgene.The fragment 
underlined in red was used as a probe. 
B: BamHl; BH: BamHl+Hindlll; H: Hindlil 
showing that GFP transgene is localised in the same chromosomal position 
and is not detectably rearranged. In one subclone, GFP-2b, a small 
proportion of analysed cells had a different position of transgene 
localisation into the genome, and this subclone was excluded from further 
analysis. From the comparison of intensities of hybridisation bands in 
analysed subclones it can be concluded that majority of cells in the GFP-2 
clone are genetically identical. 
GFP expression in GFP-2a, GFP-2c, and GFP-2d subclones was 
analysed as the level of green signal in individual cells using a 
fluorescence microscope (Figure 6.5). In all three subclones the green 
signal was heterogeneous, with signal intensity varying from bright green in 
some cells to no detectable green signal in other cells. The pattern of GFP 
expression between subclones was similar to the extent that it was not 
possible to distinguish one subclone from another. 
6.2.1 Possible Mechanisms Of Intraclonal Heterogeneity 
One possible explanation for the observed heterogeneity within 
clones is that some cells inactivated the transgene, and therefore lost green 
signal. In this case the expression level in cells would be expected to be 
constantly heterogeneous over several cell generations. By analysis of 
transgene methylation which is associated with silencing, it can be 
determined whether silencing is a likely explanation for the observed 
heterogeneity. The methylation status of CMV/T7 promoter or GFP gene 
was not directly analysed, as no Hpall sites were present. However, a good 
indication of transgene methylation can be obtained by analysis of the 
methylation status of plasmid vector which is localised upstream of the 
promoter sequence and forms part of the transgene (Figure 6.6). In all 
subclones analysed, tested Hpall sites were fully unmethylated, 
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Figure 6.6: Methylation status of part of the transgene in GFP-2 
clones, a: DNA was digested as indicated and hybridised with the 
probe shown below in part b. b: Schematic representation of the 
pCMX-GFP transgene. The fragment underlined in red was used 
as a probe. Open lollipops represent unmethylated HpaII sites. 
B: BamHl; H: Hindill 
as the hybridisation pattern obtained after digestion with the methylation-
sensitive Hpall enzyme is identical to the hybridisation pattern in the Mspl 
lane (Mspl is methylation-insensitive). These results strongly suggest that 
the transgene in GFP-2 subclones is not methylated, even in cells which do 
not detectably express GFP. Therefore constitutive transgene silencing, 
although not formally ruled out, is an unlikely explanation for the observed 
heterogeneity. 
Alternatively, cells which have undetectable GFP expression may 
have lost the transgene. It is technically difficult to formally rule out this 
possibility, but if transgene loss has taken place, it would be expected that 
the proportion of non-expressing cells would increase in time. GFP-2 
subclones were maintained in culture over many generations over a period 
of several weeks with no detectable decrease in the proportion of 
expressing cells observed. Therefore transgene loss does not appear as a 
likely explanation for heterogeneity of transgene expression. 
Another possibility is that individual cells do not express GFP 
transgene all the time, but are able to switch transgene expression on and 
off over time periods. In order to test this hypothesis, a population of the 
same GFP-2 cells was monitored for 24 hr 10 min at 5 min intervals. Cells 
(approximately 75 cells) were growing in the Focht Chamber as a part of the 
microscope setting (section 2.14), and were viewed in bright field (to see 
cell outlines) and with FITC filter (to detect the green signal). At each time 
interval both images were collected into the computer and a merged image 
was created. During the time when the observation was carried out, three 
examples of switching off the transgene expression were detected (Figures 
6.7a, 6.7b, and 6.7c). No example of transgene expression being switched 
on was detected during this experiment. 
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Figure 6.7a: Example of a cell from the GFP-2 clone expressing 
GFP, which changes transgene expression in time. The cell which 
switched off the transgene expression is shown living without any 
further changes 4 hr 45 min later (Figure 6.7c). 
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Figure 6.7b: Example of a cell from the GFP-2 clone expressing 
GFP, which changes transgene expression in time. 
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Figure 6.7c: Example of a cell from the GFP-2 clone expressing 
GFP, which changes transgene expression in time. The grey 
arrow points to the cell which was expressing GFP 4 hr 45 mm 
earlier (Figure 6.7a). 
In all three cases green fluorescent signal was abolished in 15-
20 minutes. Given that GFP is known to be a stable protein (CLONTECH 
Laboratories, 1995), the rapid extinction of fluorescence described is more 
likely to be due to some regulatory mechanism, rather than spontaneous 
GFP degradation. This rapid degradation of fluorescence could reflect 
changes in transgene expression which is followed by regulation of the 
amount of GFP in a cell by an unknown mechanism. Alternatively, the rapid 
extinction of GFP which was observed can be part of the non-specific 
protein degradation which might signal cell death. To rule out the second 
possibility, it would be necessary to perform additional experiments in 
which dead cells would be visualised, for example by selective staining. 
Currently it is only possible to say that cell death is an unlikely explanation 
for rapid fluorescence extinction, as a cell which switched off fluorescence 
survived without any noticeable changes over a period of 4 hr 45 mm 
(Figure 6.7c). Dead cells were easily distinguished by their morphology. 
6.3 Conclusions 
When stable cultured cell clones carrying CpG island-derived 
constructs were generated, heterogeneous transgene expression within 
clones was commonly observed. Transgene expression, detected as a blue 
signal after X-gal staining, was heterogeneous regardless of the cell line 
used in the experiment, and the presence of a complete CpG island did not 
improve observed heterogeneity. The pattern of transgene expression 
seems to be characteristic for a given clone. According to the analysis of 
transgene expression in small primary clones and GFP-2 subclones, the 
phenomenon of intraclonal heterogeneity is not due to genetic differences, 
such as transgene loss or rearrangement, between individual cells. 
Transgene silencing is not a likely explanation, as no methylation, which is 
associated with silencing, was detected in the tested part of a GFP-
transgene. The most plausible hypothesis is that transgene expression is a 
dynamic process, and cells are able to switch transgene expression on and 
off in time. Changes in transgene expression in a given time period were 
monitored for cells carrying the GFP transgene, where the rapid extinction 
of fluorescence was observed. 
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7. Discussion 
7.1 Effect Of A Complete CpG Island On Transgene 
Expression 
In this thesis the effect of a complete CpG island on transgene 
expression was investigated. In order to find out whether CpG islands 
included in the promoter fragments of a transgene are able to confer 
position-independent, copy number-dependent transgene expression, 
constructs based on two model CpG islands were tested in various assays. 
In transient transfection of cultured cells, the presence of a complete CpG 
island did not have an effect on the level of transgene expression. A similar 
observation was made in a recently published report regarding the effect of 
CpG islands on transgene expression (Shewchuk and Hardison, 1997). In 
transient transfection of constructs harbouring various portions of the x-
globin gene, the study showed that the inclusion of a complete oc-globin 
CpG island did not promote higher transgene expression than constructs 
with various incomplete fragments of the same CpG island. 
Analysis of individual stable clones harbouring the transgene 
with complete 13-actin or HMGCoAR CpG islands revealed that there is no 
correlation between the number of integrated transgene copies and the 
level of transgene expression. A linear correlation would be expected if 
CpG islands are able to confer transgene expression which is independent 
from the position of integration into the genome, and dependent on the 
number of integrated transgene copies. Also, individual clones with one 
integrated copy of transgene had varying levels of transgene expression 
which suggests that transgene expression is influenced by the position of 
integration into the genome. When pools of stably transfected clones were 
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analysed, the transgene carrying a complete CpG island was shown to 
improve the level of transgene expression, and increase the proportion of 
highly expressing clones. These results are in agreement with the report 
mentioned above, showing that the CpG island from the a-globin gene 
increases the transgene expression when stably integrated into the 
genome of cultured cells (Shewchuk and Hardison, 1997). Based on the 
analysis of pools of stably transfected cells, the authors concluded that the 
level of transgene expression parallels the proportion of CpG island 
included in the transgene. The difference in expression level between 
transgenes harbouring the complete and truncated cx-globin CpG island 
were more apparent than in the case of 13-actin and HMGC0AR CpG island-
derived constructs described here. For the a-globin CpG island there was 
more than a three-fold decrease in the expression observed when only 
50% of CpG island was included in the transgene. In my observation, there 
is less than a two-fold decrease in expression of the Act min construct 
harbouring approximately only 25% of the 13-actin CpG island, and the 
decrease in expression is even less apparent in the case of the HMG mm 
construct harbouring approximately 73% of the HMGCoAR CpG island. The 
data presented suggests that although the expression level is influenced by 
the proportion of CpG island present in the transgene, the relationship 
between the level of transgene expression and the portion of CpG island 
present in the transgene is not necessarily identical for all CpG islands. It is 
possible that a certain minimal portion of a specific CpG island is required 
to positively influence the transgene expression. However, the fact that the 
presence of the CpG island from the inactive 0-globin pseudogene had a 
positive effect on transgene expression suggests that the effect of a CpG 
island is due to its general sequence properties, rather than the presence of 
specific protein binding sites required for gene expression. 
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In the experiment described in this thesis, from nine transgenic 
mice generated, only one line, harbouring Act min construct, expressed the 
transgene at the 10.5 days stage of embryo development. Lines harbouring 
the complete 13-actin and HMGCoAR CpG islands failed to give any 
detectable transgene expression. It is therefore possible to conclude that in 
transgenic mice, a complete CpG island was not able to overcome the 
negative effects of neighbouring chromatin, and confer position-
independent copy number-dependent transgene expression. 
The low frequency of expressing lines would not on its own be 
unexpected, as there are many reports of similarly low frequency for 
transgene expression in mice (Brinster et al., 1988; Clark et al., 1997; 
Palmiter and Brinster, 1986). However, according to previously published 
reports where the 5.5 kb genomic fragment from HMGC0AR gene linked to 
the CAT reporter gene gave ubiquitous transgene expression in all 
transgenic lines generated (Gardiner et al., 1989; Mehtali et al., 1990), the 
line carrying the HMG CGI construct with the same genomic fragment would 
be expected to express the transgene. This expectation was further 
supported by a report of the same genomic fragment giving ubiquitous 
transgene expression when linked to the LacZ reporter gene (Tam and Tan, 
1992), although it was not clearly stated whether all transgenic mice 
generated expressed the transgene. Also, the inclusion of 70% of human 
13-actin CpG island in the transgene promoter linked to the human 
alphafetoprotein cDNA seemed to increase the proportion of transgene-
expressing lines. From the four transgenic lines generated, three expressed 
the transgene at high levels (Yamashita et al., 1993). However, the 
expression level did not correlate with transgene copy number for any of the 
transgenes mentioned above. 
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During the course of generating transgenic mice, I became 
aware of a report in which HMGC0AR fragment linked to the LacZ reporter 
gene failed to give ubiquitous transgene expression in established lines 
(Paldi et al., 1993). The authors attributed the lack of transgene expression 
to the negative effect of the LacZ gene. Although there are many reports of 
the negative effects of prokaryotic sequences, specifically the LacZ gene, 
on transgene expression (Artelt et al., 1991; Clark et al., 1997; Cui et al., 
1994; Townes et al., 1985), there are several reports in which the LacZ 
reporter gene is not considered to cause any problems (Bonnerot et al., 
1990; Sutherland et al., 1997; Tam and Tan, 1992). It is however agreed, 
that LacZ becomes progressively silenced during development, and even in 
the lines which express the LacZ gene at high levels in the embryo, LacZ 
expression is undetectable in adult animals (Cui et al., 1994). It is likely that 
the negative effect of LacZ sequences is more profound in certain 
circumstances, for example high transgene copy number and/or localisation 
of transgene into the proximity of chromatin with negative effect on 
transgene expression could trigger rapid transgene silencing. This could 
explain why in certain transgenic lines LacZ becomes progressively 
silenced, while in others it seems to be expressed reasonably well. In the 
transgenic mice described in this thesis, the LacZneo reporter gene used is 
likely to contribute to the silencing, and the presence of a complete CpG 
island is not able to overcome the combined negative effect of prokaryotic 
sequences present in the transgene together with the high transgene copy 
number or pericentromeric localisation of the transgene. 
It is possible that the high number of integrated transgene copies 
alone can cause heterochromatinisation and silencing in transgenic mice 
(Dorer, 1997). Also, pericentromeric localisation of a transgene is known to 
cause transgene silencing or severely reduced transgene expression. In 
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this thesis, pericentromeric localisation of the transgene was observed in 
four out of eight transgenic lines tested, which represents 50% of all tested 
lines. The high frequency of pericentromeric transgene integration is likely 
to be a common phenomenon (Dobie et al., 1996; Festenstein et al., 1996), 
which is currently not understood. 
The fact that in this study none of the transgenic mouse lines 
harbouring a complete CpG island gave detectable transgene expression 
precluded the determination of the effect of CpG island on expression in 
transgenic mice. However, a recently published report suggests that CpG 
islands in certain chromatin environment positively influence transgene 
expression (Melton et al., 1997). When HPRT minigene driven by the HPRT 
promoter embedded in 85% of its corresponding CpG island was targeted 
to the DNA Ligase-1 (Ligi) locus, significant improvement in expression 
stability was observed compared with the HPRT minigene driven by PGK-1 
minimal promoter targeted to the same locus. The suggestion that CpG 
islands integrated in a certain chromatin environment improve transgene 
expression agrees well with the data obtained from the analysis of cultured 
cells in this study, and from the study of x-globin CpG island (Shewchuk 
and Hardison, 1997). In both reports the analysis of pools of stably 
transfected cells showed that the presence of a transgene with a complete 
CpG island increased the level of transgene expresion. 
Although CpG islands seem to improve transgene expression in 
a certain chromatin environment, the basis of correct transgene expression 
is likely to be complex. CpG islands, as well as any of the other tested 
elements to date, are not on their own able to ensure proper transgene 
expression. A combination of factors will determine the fate of a certain 
transgene in its chromosomal localisation. There are already many 
parameters proposed to influence transgene expression - 
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- structure of the transgene: choice of promoter. presence of CpG islands, 
long genomic sequences, prokaryotic sequences, introns, LCRs, 
and insulating elements 
- structure of the locus: number of integrated transgenes, presence of a 
repeated structure 
- site of transgene integration: permissive sites, restrictive sites of chromatin. 
The understanding of mechanisms regulating transgene expression is, 
however, still limited, and there is currently no solution to the problem which 
is applicable in all circumstances. 
7.2 Transgene Expression As A Dynamic Process 
In this study I analysed transgene expression at the level of 
individual cells within stable clones with an integrated transgene containing 
either a complete or a truncated CpG island. By X-gal staining it was 
determined that for the great majority of clones, transgene expression 
varies within the clone. This heterogeneous transgene expression seems 
not to be influenced by the cell line used, or by parameters such as cell 
density or stage in the cell cycle, judging from the analysis of small primary 
colonies and from previous reports (Klünder and Hülser, 1993). The 
presence of a full-size CpG island does not noticeably reduce the 
intraclonal heterogeneity. Although it is possible that transgene loss or 
inactivation can cause expression variation within the clone in certain cases 
(Schmidt-Kastner et al., 1996), the most likely explanation seems that the 
observed variation in expression reflects the fact that in eukaryotes gene 
expression is a dynamic process which occurs in random pulses separated 
by periods of inactivity. Cells harbouring the transgene would then switch 
the transgene expression on and off in time. This model of eukaryotic 
HIM 
transcription was proposed by Ross and colleagues (Ross et al., 1994). The 
model was supported by a report in which Luciferase expression was 
followed in individual cells. A single cell was shown to increase the 
Luciferase expression during two 10 hours intervals (White et al., 1995). 
By analysis of the GFP-carrying clone I have shown that 
heterogeneous transgene expression is unlikely to be due to stable 
transcriptional silencing by DNA methylation, as the tested part of the 
transgene was completely unmethylated. By monitoring individual cells at 5 
min intervals for a period of 24 hr 10 min, transgene expression was shown 
to vary in time. In three cells rapid extinction of fluorescence was observed. 
Given the known stability of the GFP protein, the observed extinction is most 
likely to be a result of some active degradation process, which might 
regulate the amount of transgene product. Fluorescence extinction as a 
result of ubiquitous protein degradation followed by cell death is an unlikely 
explanation, given the unchanged morphology of the cell concerned for 4 hr 
45 min after the fluorescence-switch off. The results described suggest the 
same explanation for heterogeneous transgene expression within 
populations of identical cells as that of White and colleagues (White et al., 
1995). The study of heterogeneous transgene expression described in this 
thesis represents a preliminary observation. In future studies it would be 
necessary to show examples of cells switching the transgene expression on 
in time, as well as to formally rule out the possibility of cell death as a cause 
of the observed rapid extinction of fluorescence. 
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Im 
Appendix 
In the process of construction of the Act CGI vector, PCR 
amplification from human genomic DNA was used to obtain the 13-actin CpG 
island fragment, which was used to drive the expression of the LacZneo 
reporter gene. Subsequent analysis of part of this CpG island fragment 
showed that the promoter sequence present in the Act CGI. construct differs 
from that of the promoter sequence of the 13-actin gene in the database 
(M10277). The 445 bp fragment which was sequenced shows the following 
differences when compared to the database data: four single-base 
substitutions, misplacement of G in the CGGCGAAG sequence, and 
replacement of CCGAG with ACCGCCGA in the Act CGI construct (Figure 
Al). None of the changes observed occurs in the characterised regulatory 
elements of the 13-actin promoter such as the CCAAT box, TATA box, and 
CC(A/T)6GG motif. 
P-act 	TGCTGCACTCT- CGCCGAAgCCGGTGAGTCAGCGGCGCGGGGCCAATC GCGTCCCCCGTTCCGAAAGTTGCCTTTTATG 
act cgi 	TGCTGCACTCTgCGGCCAACCGGTGAGTGAGCGCCCCGGGGCCAATCOCCGTGCGCCCTTCCGAAACTTGCCTTTTATG 
P-act 	GCTCGACCGGCCGCGCCGGCGCCCTATAAAACCCACCCGCCCGACGCGCCACC"CCGA9ACCGCGTCC 
act cgi 	GCTCGAGCCGCCGCGGCGCCGCCCTATAAAACCCAGCGCCGCGACGCGCCACC0ccQCCGAaACCCCCTCC 
Figure Al: Alignment of part of the 3-actin database sequence (0-act) with part of 
the sequenced 445 bp Act CGI fragment (act cgi). 
As the rest of the cloned fragment was not sequenced (with the exception of 
the 348 bp 13-actin splice acceptor fragment which is identical to the 
database sequence), it is not possible to comment on differences between 
the database and Act CGI sequence in the rest of the cloned 13-actin derived 
fragment. 
im 
There are several possible explanations for, the discrepancies 
described above. The single base changes observed could be attributed to 
the inaccuracy of DNA potymerase used in the PCR reaction, although this 
seems an unlikely explanation for longer sequence changes. It is possible 
that the longer substitutions are due to polymorphism within the human 13-
actin gene. Further work would be required to distinguish these possibilities. 
As there are only limited data available about the sequence 
changes within Act CGI construct compared to the database sequence of 
the 13-actin gene, one can only speculate about their consequences with 
regards to the expression of reporter gene. When Act min and Act CGI 
constructs were compared in the transient transfection assay, no significant 
difference in promoter strength was found. In the light of the previously 
mentioned sequence changes within the Act CGI construct, this result could 
be explained in either of two ways. One explanation is that the promoter 
strength of the two constructs is indeed very similar, and sequence 
differences within the Act CGI construct do not interfere with its properties. 
Another possibility is that the changes in an unknown downstream 
regulatory element adversely influenced the properties of the Act CGI 
construct, decreasing the promoter strength to a level similar to the Act mm 
construct. Since my aim was to evaluate the influence of CpG islands alone 
on the expression of the reporter gene, it was essential that the constructs 
compared had similar promoter strength to start with. This would allow any 
changes in expression of reporter gene in the subsequent experiments to 
be attributed to the presence or absence of CpG island, and not to other 
sequence differences. The fact that Act min and Act CGI constructs have 
similar promoter strength allowed their direct comparison in assays 
described in this thesis, but it cannot be ruled out that the results are 
affected by the sequence differences within Act CGI construct. 
190 
